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WITH LOVE AND RESPECT
SUMMARY
Optical integrated circuit (OIC) technology is breaking down barriers in a 
manner similar to the semiconductor integrated circuits. The increased packing den­
sities of electronic components on a single substrate have increased the amount of 
information processing capacity at ever decreasing cost But in the case of the 
OIC, the fabrication of several active components on a single substrate raises the 
difficult question of how the optical signals can be routed, as light generated in the 
one part of the active device could be absorbed in other parts. One solution to this 
problem is to locally inject carriers in the waveguides to provide an active inte­
grated optic waveguide (AIOW). This would not only overcome the inherit losses 
found in passive waveguides, but it would also provide gain. With such 
technology, several components, such as optical amplifiers, detectors, switches, 
couplers as well as waveguide sections to join these components, can be now 
fabricated.
In this thesis, the characteristics of two particularly important components of 
an active OIC, the active waveguide optical detector (AWOD) and the active 
waveguide optical amplifier (AWOA) are investigated thoroughly. The structure is 
based on the GaAs rib waveguide laser structure. Throughout the research pres­
ented in this thesis, wherever necessary, a hybrid configuration is compared with 
the monolithic configuration in order to have a complete understanding of light 
propagation in locally pumped active waveguides. The flexibility being offered by 
the use of discrete components in the hybrid approach, is used to point out the 
underlying limitations, such as the generation and amplification of spontaneous 
emission, feedback between two coupled components and leakage of optical flux in 
the locally pumped active waveguide. Detuning caused by the feedback of optical 
radiation between two components and the injection of input optical radiation from 
the source laser into the AWOA is used to investigate frustrated instabilities, which 
appear as a train of self sustained pulsations and eventually leads to chaos. This 
unwanted phenomena of chaotic dynamics is exploited to investigate the route to 
chaos and two new routes to chaos in AWOA are demonstrated.
Despite some limitations in locally pumped AIOW which have discussed in 
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Chapter-1
Introduction
"Before exploring the boundaries of this intriguing new discipline, 
we have to remind ourselves that the field of integrated optics is 
still in its infancy, still in its research stage, and is still searching 
for its proper role. At this early stage, when many discoveries are 
yet to be made, it may appear somewhat futile to attempt to forecast 
the limitation of this infant technology, and it is certainly premature 
to try detail comparison with established technologies such as silicon 
integrated circuits. Yet, there are some crude patterns emerging that 
indicate limits in the size, speed, and power consumption of inte­
grated devices and circuits. It may be worthwhile to trace some of 
these patterns in order to derive pointers for potential future progress 
in this field."
(Kogelnik, reference-1)
1.1- Optical Integrated circuits
The wide-spread application of microprocessor-based technology in modem 
day society is evidence of the success of semiconductor based technology. After 
transistors and micro-electronic devices, which process information in the form of 
electronic signals, the next technological era is likely to be in the area of laser and 
integrated optical circuits (OIC) which use light-wave signals to process the infor­
mation. This represents a device technology with potential to meet a broad range 
of future telecommunication and computing systems needs.
The importance of the optical means of data transmission and processing has 
increased due to its advantages such as high data transmission speed, the freedom 
from electromagnetic noise, interchannel cross-talk, electrical isolation and due to 
its improved reliability, small size, light weight and potential low cost.
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An optical integrated circuit is an optical circuit designed to implement cer­
tain functions by integrating active and passive optical, electro-optical or acous- 
to-optical devices on a suitable substrate. A few of the optical devices that may be 
integrated on a single substrate include light generation devices, photodetectors, 
optical-waveguides, modulators, spatial and temporal switches, amplifiers and beam 
formers.
There are two approaches to the fabrication of an integrated optical circuit 
The first approach is to use hybrid integration. This combines the best passive and 
active components from different materials. For example, the source may be fabri­
cated from m -V semiconductors, whilst the waveguide may be made of GaAs (for 
operation at 1.3pm and 1.55pm) or LiNb03 and the detector made up of Si or Ge, 
as shown in figure 1.1. Such an approach improves the individual device perform­
ance and provides the flexibility of using different materials. But, it also places 
severe limitations on the alignment of the different optical components. The second 
approach is to use monolithic integration. This requires that all the component are 
fabricated on a single substrate, essentially from the same material. For example, 
figure 1.2 shows a proposed future integrated optical circuit made from GaAs. This 
approach is considered to be more accurate and more attractive because it sim­
plifies the device fabrication considerably.
Although monolithic integration is an ideal approach for the integration of 
several optical components on a single substrate, the integration of many compo­
nents on a single substrate raises the question of routing the signals, because light 
generated in one part of the device will be strongly absorbed in other parts of the 
device where there is no pumping unless sophisticated wafers are fabricated with 
localised compositional changes to overcome the inherent absorption of the pho­
tons. This problem can be solved by injecting local carriers, as shown in figure
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Figure 1.2. GaAs based future monolithic integrated optical circuit [2].
electrodes
The schematical representation of locally pumped AIOW integrated 
laser [4].
overcome the inherent losses (which occur when radiation at wavelengths equal or 
shorter than the absorption edge of the material is used) but it could be used to 
provide the local gain as well.
1.2- Materials for optical integrated circuits
The main requirements of the material for an OIC are; transparency and good 
optical properties in the appropriate part of electromagnetic spectrum (such as gen­
eration and detection of light in that part of electromagnetic spectrum), feasibility 
of fabrication of low loss thin film waveguides and compatibility with electronic 
components. Most of the research in OIC technology has been centred on lithium 
niobate and ID-V semiconductors. Lithium niobate has relatively low absorption 
losses typically of the order of ldB/cm but it is impossible to have light emitting 
action in this material and photodetectors in this material are not possible either. 
Consequently, it can only be used as a passive waveguide component in hybrid 
integration. On the other hand, DI-V semiconductors and their alloys are thought to 
be the best materials to achieve true monolithic integration. The fabrication of dis­
crete lasers [5-7], detectors [8], switches and modulators [9] and optical amplifiers 
[10,11] were achieved quite a long time ago. Also, several attempts have been 
made to use this material as waveguide material (e.g. references-12 and 13). The 
transparence condition in ID-V semiconductors (at or shorter than their emission 
wavelengths) can only be satisfied by local pumping to create AIOW, however. 
Consequently, although GaAs has low loss at wavelengths longer than 860-890nm, 
where it is essentially a passive component, near to its lasing wavelength it has a 
very high loss.
The early research in integrated optics using ID-V semiconductors has 
focused on GaAs and its alloys, which emit the light around 0.85|im. Recently 
devices made from InP based materials have become of increasing significance due 
to their potential application in longer wavelength optical fibre communication sys­
tems, because optical fibre exhibits lower loss around 1.3jim and 1.55|nn (emission
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wavelength of InP based materials) and also lower chromatic dispersion. However, 
the work reported in this thesis is based on GaAs active waveguide due to avail­
ability of this material.
1.3- Historical background
The use of light as a means of communication goes back centuries with 
methods such as signal fires, reflecting mirrors, beacon tower etc being used. The 
history of modem optical communication systems started when Graham Bell per­
formed his famous experiment using the photophone in 1880. The present interest 
in integrated optical circuits has its roots in the invention of Maiman’s ruby laser
[14] in 1960. With this invention the future of optical communication started to 
look bright In 1961 laser action in semiconductors was proposed by Basov et al
[15] and in the same year, Bernard and Durafforg [16] presented a quantitative 
description of laser action in semiconductors. 1962 was the year when different 
groups [5-7] reported experimental observation of laser action in GaAs p-n junc­
tions. Since then, p-n junction lasers have been the subject of extensive research 
because of their potential applications in optical communication. The invention of 
the GaAs/AlGaAs heterojunction laser [17] brought a turning point in that area of 
research by allowing continuous room temperature operation of semiconductor 
lasers. In parallel with this, optical fibres as signal carrying media received a lot of 
attention from many groups (for details see reference-18) and which had a break­
through when fibre with an attenuation of 20dB/km was produced in the 0.85|im 
wavelength region, appropriate for GaAs lasers [19]. Since then, research in optical 
communications has received considerable attention. In return, the threshold current 
of laser sources has been reduced to as low as 3mA [20] and optical fibre losses 
lower than 0.2dB/km have been achieved at longer wavelengths [21].
During this period of early research only optical fibre was considered as a 
suitable optical waveguide medium and monolithic optical waveguide structures 
were largely ignored due to the limitation of fabrication technology at that time. In
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1969, Miller [22] used the term "integrated optics" to describe such waveguide 
components and suggested that the comparatively slow electronic circuits should be 
replaced with these faster optical integrated circuits and to make optical system 
compatible with modem thin film technology. The idea was to build various 
optical devices on a common substrate and then to interconnect them by thin film 
waveguides. This idea was quickly followed by a paper by Marcatili [23] in which 
he discussed the mode patterns in integrated optical waveguides. Goeil [24] then 
successfully fabricated a passive rib waveguide structure in glass using r.f. sputter­
ing which proved the validity of miniature guiding structure which could be used 
to connect different optical components.
In the early days of research, hybrid type integration was widely accepted as 
the future substitute of electronic IC’s. Stoll et al [25] fabricated an integrated epi­
taxial waveguide and an optical detector and brought the concept of monolithic 
integration. This was quickly followed by the fabrication of a passive waveguide 
with an integrated laser source [26]. First attempts to fabricate two active compo­
nents on a single substrate was reported by Merz et al [8] when they fabricated an 
integrated laser source with a waveguide detector coupled via the passive 
waveguide.
Although the term "monolithic integration" was quickly accepted by other 
groups, this area of research was still largely ignored when compared with optical 
fibre research and laser diode research. The main breakthrough came when differ­
ent groups [10,11,27,28] demonstrated the amplification of optical signals within a 
Fabry-Perot laser cavity and achieved unsaturated gain as high as 25dB. This result 
gave new life to research in this field and the optical integrated circuit began to be 
considered as a substitute for the electronic integrated circuit During the early 
stages of research on optical amplifiers, it was realized that the facet reflectance 
was an obstacle to continued improvement of the broadband signal gain of the 
optical amplifier because it reduces the optical bandwidth of the amplifier and the 
effect of gain saturation is higher. The saturation optical output power, signal gain
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and optical bandwidth of the optical amplifier were improved quite significantly by 
reducing the facet reflectivities. Several techniques have been proposed to reduce 
the facet reflectivity [29-34]. Of all these techniques, anti-reflection (A.R) coating 
is considered as being the most practical in terms of compatibility with all types of 
devices and structures. By combining different fabrication and facet reflectance 
reducing techniques, an internal gain of the optical amplifier as high as 40dB has 
been achieved to date [34].
Several different structures for active integration have been proposed in order 
to reduce the threshold current of the integrated optical source and to limit excess 
heating in optical IC’s (for example references 8, 24, and 35-39). Among these 
ideas, the use of the buried heterostructure [36-37] provides the lowest current 
requirement for integrated sources and amplifiers, but the ridge waveguide structure 
[24] is probably more promising as a research structure for device development 
because it is easier to fabricate. This type of structure only needs one epitaxial 
growth step layer, and dry etching or ion milling technique can be used to fabri­
cate different optical components. Moreover its open waveguiding structure provide 
easy coupling to the external signals.
As mentioned earlier, when several components are fabricated on a single 
substrate, the absorption of optical signals in the waveguide sections is a critical 
point. To avoid this problem several techniques have been suggested. These 
include impurity induced disordering [40], monolithic laser-waveguide butt coupl­
ing [41], monolithic integrated orthogonal facet laser and optical waveguide [42], 
laser and optical waveguide coupled via evanescent field [43] and multisegment 
pumped tandem stripe laser [44] as shown in figure 1.4. All these techniques are 
fairly difficult and complicated, the last one less so, where the individual segment 
can be pumped locally and independently to provide active integrated-optic wave­
guide [4]. This is the method adopted throughout this thesis.
Kucharska [45] has recently reported the experimental results of optical 









Figure 1.4. The sketch of multisegment ridge waveguide structure [44].
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using the non-linearty of semiconductor materials for optical logic and switching, 
which goes back to early 1960’s when Lasher [46] proposed an inhomogeneously 
pumped multisegment laser diode as an optical logic component This device was 
later analysed by Perkins, Ormondroyd and Rozzi [47,48] and Perkins and Ormon- 
droyd [49], Since then, optical non-linearities have been observed in GaAs and 
other material systems [50-52] using a passive saturable absorber and this is 
termed as an absorptive non-linearity. Also the non-linearities in the refractive 
properties of the active medium which effects the frequency characteristic of the 
optical cavity (and hence the feedback mechanism) give rise to dispersive effects 
in the amplifier including bistable operation. These two types of active non-linear­
ity have also been reported in external cavity lasers in the form of self-sustained 
pulsations (which leads to chaos) [53], optical bistability [54] or both phenomena 
[55]. On the one hand, the self-sustained pulsations (SSP) can be used to generate 
narrow picosecond pulses [56] and to perform logical and switching operation [57]. 
On the other hand, non-linearities in amplifiers introduce additional cross-talk and 
noise.
1.4- Purpose of the thesis
The main purpose of this study is to investigate the performance of mono­
lithic active integrated circuit components (such as the active waveguide optical 
detector (AWOD) and the active waveguide optical amplifier (AWOA)), to 
incoming butt-coupled optical radiation. This has been done by;
1. Developing a reliable alignment technique to align different optical compo­
nents used in optical integration.
2. Originating the optical leakage, which appears as an additional source of 
optical signals loss and noise in OIC.
3. Measuring the characteristics of monolithic integrated components and 
hybrid integrated components by using them as an active waveguide optical 
detector (AWOD) and an active waveguide optical amplifier (AWOA).
10
4. Examining the underlying non-linear mechanism in the active waveguide 
by measuring the input/output characteristics of the AWOA.
5. Investigating the dynamic response of active integrated optical waveguide 
components caused by the finite facet reflectance and the injection of external 
input radiation.
6. Using the existing theoretical background and technical facilities to achieve 
a comprehensive understanding of the internal working mechanism of active 
OIC’s.
1.5- Scope of the thesis
The use of guided-wave optics for both optical communication systems and 
signal processing is now becoming very attractive and monolithic integration is 
expected to form the fabrication backbone of these complex integrated optical cir­
cuits. In practice, the integration of several components on a single substrate raises 
the very important question of routing the optical signals. A convenient and 
practical solution to this problem for experimental characterisation of integrated 
optical components is the use of multi-segment ridge waveguide structure where all 
the active components share the same active layer and are butt-coupled to each 
other via an etched gap and they are locally pumped to provide AIWO, as shown 
in figure 1.4. The active device shown in figure 1.4 can be used as the active 
waveguide optical detector (AWOD) or the active waveguide optical amplifier 
(AWOA), depending on particular application, just by changing the biasing condi­
tion (reverse bias or zero bias for AWOD and forward bias for AWOA).
Due to the simplicity and the ease of control of each component, the locally 
pumped multisegment approach is adopted in this thesis to investigate the light 
propagation characteristics of active waveguide. By using this approach, a novel 
four segments twin stripe device, as shown in figure 1.5, has been fabricated. All 
the segments can be used as an integrated waveguide detector, integrated optical 
amplifier or integrated laser source. With this structure good optical and electrical
11














Figure 1.6. The achievement of the active optical waveguide in hybrid approach 
through optical lenses.
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confinement is achieved, but the performance of the etched or milled facet laser 
can be poor due to problems with corrugated and non-vertical facets [58], More­
over, the finite etched facet reflectance cannot be altered due to a narrow gap 
between two segments. So it is very difficult to establish a real understanding of 
the behaviour of the light propagation in monolithic integrated active components 
only by using this type of monolithic approach. Therefore, in order to have a more 
complete understanding of light propagation in active components, the hybrid 
approach, as shown in figure 1.6, whenever necessary is used to reinforce the 
monolithic integration results. In this case, no optical isolator is used to create real 
butt coupling conditions and the result can be applied directly to monolithic inte­
grated components. For the hybrid approach, three different types of devices, 
UB258, UB259 and UB262 of similar structure but with different facet reflectances 
have been used as an AIOW to make the study more comprehensive and valid for 
variety of structural considerations. For the hybrid approach, a 5\im wide stripe 
laser, UB238 has been used as the source laser through the work reported in this 
thesis.
Figure 1.7 gives the general waveguide structure used in the tests and struc­
tural parameters of the various devices tested are listed in table 1.1.
Table 1.1. Structural parameters for different devices used in hybrid approach.
DEVICE NUMBER STRIPE 
WIDTH, W 
(pm)
Ri m R2 (%)
UB238 5.0 30 30
UB258 2.5 30 4.48*
UB259 2.5 4.48* 4.48*
UB262 2.5 30 30
*- See section 2.6.5.
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Figure 1.7. The structural representation of devices used in hybrid approach.
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1.6- Organisation of the thesis
The integration of several active optical components on a single substrate still 
remains a significant technological challenge. Not the least of these problems is the 
lack of a clear understanding of the optical signal propagation mechanism in the 
active media. In order to gain a better understanding of light propagation in the 
active media, this thesis is divided into two main parts. The first part, consisting of 
chapters two and three, provides the basic theoretical and technical information 
about the laser devices which are later used in second part (chapters four, five and 
six), where the characteristics of monolithic OIC components are measured.
The investigation of wave propagation in OIC components needs a detailed 
understanding of light generation and propagation mechanisms in laser as they 
share similar structure and chapter-2 attempts to fulfil this need. This chapter is 
organized in such a way that it provides the necessary background of laser theory 
but it also discusses the practical laser characteristics such as the measurement of 
the laser Light-Current characteristic, the differential quantum efficiency, r|D, the 
internal quantum efficiency, T|in, the optical dissipation losses in the active region, 
a  and the facet reflectivity.
It is a well established fact that the laser characteristics, such as optical gain 
saturation, the peak emission wavelength, total losses and the threshold current are 
temperature dependent In chapter-3, some of these temperature dependent prop­
erties are investigated by originating the heat sources in a laser diode and by using 
a three channel temperature controller. A novel temperature dependent loss 
measurement technique is developed and is validated by comparing the loss values 
obtained in chapter-2 for 5jim wide stripe laser (UB238) and obtained by this new 
technique for same device. After establishing the validity of this temperature 
dependent loss measurement technique, the optical dissipation losses inside the 
2.5\im wide stripe laser (UB262) are measured and this value is later used in 
chapter-5 to calculate the unsaturated local gain, gQ of the active medium. The 
effect of the temperature variation on the laser characteristics, such as the I-L and
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spectral characteristics are investigated for several devices and the thermal rise 
time of FP devices is evaluated from the temperature dependent I-L characteristics. 
Also the thermal rise time of different devices (FP lasers and A.R. coated optical 
amplifiers) is evaluated from the temperature dependent spectral characteristic, for 
the first time.
The actual work on OIC components is described in chapter-4 by considering 
the use of an active waveguide structure as a waveguide detector both theoretically 
and experimentally. The characteristics of several devices with different structures, 
such as: the monolithic integrated waveguide detector; the Fabry-Perot laser wave­
guide detector with different stripe width and the A.R. coated waveguide detector 
are then measured and calibrated with respect to a standard detector. This provides 
the necessary background for using the monolithic optical detector to accurately 
measure the input power of any monolithic or hybrid component and in particular 
to align these optical components in a hybrid configuration. The leakage of optical 
flux is also observed in this chapter and is justified by originating the source of 
that leakage.
In chapter-5, the optical amplifier is considered as an essential part of an 
OIC. The internal signal gain of several amplifiers (Fabry-Perot (FP)) and near tra­
velling wave (NTW) amplifier) is measured by a newly developed technique in 
which the saturated output characteristics are used. Also in this chapter, the 
nonlinear relationship between input and output of the active waveguide is 
measured and compared with the results of reference-4.
The investigation of nonlinear characteristics of the active waveguide is 
further extended in chapter-6 to include the effect of the facet reflectance on the 
output when two integrated components are butt coupled. The effect of the facet 
reflectance is observed in the form of the frustrated instabilities which appear as a 
train of self-sustained pulsations (SSP) at the output and which eventually leads to 
chaos. By exploiting the SSP in different devices, two new routes to chaos are 
identified.
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Chapter-7, which is the concluding chapter, is devoted to the general dis­
cussion of the work presented in this thesis. Also in this chapter, conclusions are 
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Chapter-2
Light emission process in semiconductor active 
media
2.1- Introduction
The laser consists of three main elements: an external energy source or pump, 
an amplifying or active medium and an optical cavity or resonator to provide the 
necessary feedback to sustain the oscillation at optical frequencies. In the case of 
the semiconductor laser, the p-n junction provides the active region where the 
injection of external carriers provides the necessary optical gain by means of 
achieving population inversion and feedback is achieved either by reflection at 
naturally cleaved facets (to form a Fabry-Perot resonator) or via an external Bragg 
grating.
The discussion of basic laser theory begins in section 2.2 with the Einstien 
relations, which connect the rates of absorption, spontaneous emission and stimu­
lated emission in a two-energy-level system by considering blackbody radiation as 
the radiation field. Also in section 2.2, necessary conditions for lasing action in the 
two energy level system are derived. Similar relationships for the lasing conditions 
are derived in section 2.3 for the more complicated band structure of semiconduc­
tor. In section 2.4, the different types of semiconductor lasers are considered 
briefly. Waveguiding is central to the low threshold operation of semiconductor 
lasers. Consequently waveguiding mechanisms in the slab and rib waveguides 
using the effective index concept is analysed in section 2.5. In section 2.6, basic 
parameters which are necessary to analyse the light propagation process in active 
waveguides are measured experimentally. Section 2.7 provides the summary of 
main point.
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2.2- Light amplification in two-energy-level systems
2.2.1- Einstien relations
Consider the two energy-level system of figure 2.1 (typical of a gas). The 
populations n1 and n2 of the two energy levels E2 and E2, in thermal equilibrium, 
are related via Boltzmann’s equation;
where T  is the equilibrium temperature and k is the Boltzmann constant The nega­
tive exponent in equation (2.1) indicates that n2« n 1 at equilibrium; i.e. most elec­
trons are in the lower energy level.
When an electron in an atom undergoes a transition between two energy 
states, it either emits or absorbs a photon having an energy;
AE = h v  (2.2)
where AE= E2- E l is the energy difference between two energy levels, h is 
Plank’s constant and v is the frequency of the photon.
Suppose an electron in the lower level E2, interacts with a photon and is 
excited to the higher energy level E2, as shown in figure 2.1(a) where it is out of 
thermal equilibrium. Very soon after being excited to the higher energy level, the 
atom will undergo a downward transition and emit a photon of energy 
hv = E2- E l. This emission process may occur in two ways:
1. a spontaneous emission process, in which the electron drops to the lower 
energy level in an entirely random way, as shown in figure 2.1(b).
2. a stimulated emission process in which the electron is ‘triggered’ to 
undergo the transition by the presence of a photon of energy h \  = E2- E l, as 
shown in figure 2.1(c).
Under normal circumstances (i.e. under thermal equilibrium conditions), the 
stimulated process is not observed because the probability of a spontaneous process 













Figure 2.1. A schematic representation of different processes for simplified two 
level system (a) absorption, (b) spontaneous emission and (c) stimulated emission.
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rij. The average time the electron exists in the excited state before making a spon­
taneous transition from E2 to E2 is called the spontaneous lifetime and is defined 
as;
T, = j~  (2.3)
/ i 2l
where A21 is the spontaneous transition rate and ‘21’ indicates a transition from 
level ‘2’ to level ‘1’.
Because the spontaneous emission radiation from any electron is emitted ran­
domly, the radiation by a large number of atoms clearly will be incoherent. In con­
trast, the stimulated emission process results in coherent and monochromatic 
radiation. This latter process was first explained by Einstien in 1917.
In a two level system, the probability that an electron will undergo a sponta­




The probability of the stimulated emission process is dependent upon the den­
sity of electrons at level E2 and the intensity of the optical field interacting with 
the excited electrons, that is;
dn2
^ ~  =  W2^2lP(^2l) (2 .5 )
where p(v21) is the photon density at a frequency v21.
Absorption also depends on the strength of the photon field. In effect, stimu­
lated absorption and stimulated emission are inverse processes. Therefore;
dnx
—  = i»iB12p(v2l) (2.6)
where A21, Bn  and B21 are the Einstien coefficients of spontaneous emission, stimu­
lated absorption and stimulated emission respectively.
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For a system in thermal equilibrium, absorption must be equal to the total 
emission of photons;
l^-®12P(^ 2l) = ^ 2^2lP(^2l) "h ^ 2^ 21 (2.7)
and the photon density which achieves this condition is given by;
AZI
P(v2i) = i ^ —  (2.8)
— —  —  1 
*21 " 2
By comparing equations (2.1) and (2.8), we have;
*21
P(y2 ‘is ,  (2-9)
^ exP— - 1
Since the system is in a thermal equilibrium condition, it would give rise to
radiation which is identical to that of the blackbody distribution inside an enclosure
described by Plank’s blackbody law for energy about the frequency, v as;
P(v)= 1 (2.10)
caexp — - 1] kT
where c is the velocity of light in a vacuum.
By equating equations (2.9) and (2.10) for energy density p(v) = p(v21) (as the 







B2i=  r "  (2.1.3)21 8 ir tv \
Equations (2.11) to (2.13) are called Einstien relations. Taken together, they 
tell the following.
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1. The fundamental Einstein coefficients A21, Bn  and B21 all are inter-related. If 
one is known by measurement or calculations, all are known.
2. Although, the derivation of Einstein relations was based on the condition of 
thermal equilibrium, they are valid under any conditions because they are char­
acteristics of the atom and are equally valid whether the atom is in an intense 
radiation field or in an enclosure that can be treated as a blackbody in thermal 
equilibrium.
3. As B21IA21 is proportional to the reciprocal of the frequency, v21, the higher the
frequency, the smaller B2J becomes in comparison with A2J. Since Bn  is related 
to the stimulated emission and An  is related to spontaneous emission, it indi­
cates that lasers of short wavelength radiation would be difficult to build and 
operate.
The above discussion indicates that the process of stimulated emission com­
petes with the processes of spontaneous emission and absorption. If one wants to 
amplify a beam of light by stimulated emission, then the rate of this process must 
increase the other two processes. It is clear from equation (2.7) that to achieve this 
for a given pair of energy levels, one must increase the radiation density and the 
population density, n2 of the upper level in relation to population density n2 of the 
lower energy level (so that n2 > n x): that is, one must create a so called condition 
of population inversion.
2.2.2. Population inversion and optical gain
Consider a collimated beam of light passing through an absorbing material 
which is travelling in the direction z, as shown in figure 2.2. For the sake of 
simplicity, it is assumed that there is only a single radiative transition between 
energy levels E2 and E2. The change in the irradiance of the beam as a function of 
distance is given by;




Figure 2.2. Radiation passing through an absorbing medium.
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For a homogeneous medium AI(z) is proportional both to the distance tra­
velled, Az and I(z), that is;
AI(z) = - a aI(z)Az (2.15)
where the constant of proportionality, aa is the absorption coefficient. The minus 
sign indicates the reduction in beam irradiance brought about by absorption as aa 
is taken to be a positive quantity.
For a small value of Az, equation (2.15) can be written as;
^  = -a J (z )  (2.16)
This can be solved to give;
I(z) = I(o)exp{-aaz} (2.17)
where I(o) is the irradiance of the beam at the input, z=0.
The degree of absorption of the beam will depend on how many electrons are
in energy state E} and how many electrons are in energy level E2. If n2 is zero, 
then the absorption would be maximum. If all of the electrons were in the upper 
state, the absorption would be zero and the probability of stimulated emission 
would be large and there would be net gain.
From the discussion of section 2.2.1 and making the use of equations (2.5)
dSand (2.6), an expression for the net rate of loss of photons per unit volume, 
can be written as;
dS
~ ~~ ^ l'®l2p(^2l) ~ ^ 2^2lP(^2l) (2.18)
Here, photons generated by spontaneous emission are neglected as they are
emitted randomly in all directions and only a small fraction of them contributes to
collimated beam.
Using equation (2.11), equation (2.18) can be re-written as;
- ~  = ( n ,- n 2)B21p(v2I) (2.19)
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The irradiance, l(z), of the beam along the length, z, is the energy crossing 
unit area in unit time and therefore is given by the energy density times the speed 
of light in the medium, that is;
/(z) = P -  (2.20a)n
where n is the refractive index of the medium.
For photons of frequency v2i, the irradiance of the beam is given by;
/(z) = p(v21) -  (2.20 b)
n
where the energy density, p(v21) is the product of number of photons, S and energy 
of each photon, hv2l. Therefore equation (2.20b) can be re-written as;
Shv2lc
/(*) =  —  (2.21)n
The change in photon density within the beam between boundaries z and 
(z+Az)is;
-d S  = [ /(z )-/(z+ A z)]r~ — (2.22)h \ 2lc
For small values of Az
Jr dl(z) Azn - d S = — -— .— —  (2.23)
dz hv2lc
and the rate of decay of photon density in a time interval dt= ^j- is;
dS dl(z) 1




( 2 - 2 5 )
and by substituting the value of I(z) from equation (2.20b);
dS c l  _ _,—  = - a ap(v21) . - . —  (2.26)
By comparing the equations (2.19) and (2.26), one can have;
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B2lh \ 2ln
aa = {nx- n 2) (2.27)
Equation (2.27) provides the link between the absorption coefficient and the 
population difference for the two transition states. Normally, n1 is greater than n2, 
as shown in figure 2.3(a). In this case cca is a positive quantity and absorption 
occurs. If one creates a condition where n2 is greater than wi (figure 2.3(b)), then 
aa is negative and irradiance of the beam grows with distance.
2.2.2.1. Attainment of population inversion
Population inversion for light amplification is a non-equilibrium condition. In 
order to create this non-equilibrium condition, one has to supply external energy to 
excite the electrons into the upper level E2 in the two-level system. This excitation 
process is called pumping.
In two-level systems, once electrons are excited into upper level the probabil­
ities of further stimulated absorption or emission are equal. Even with very 
intense pumping, the best that can be achieved with the two level system, 
considered so far, is the equality of populations of two levels. Only the equality of 
the coefficients B21 and Bn  is the necessary condition for lasing action to occur, 
although it is not sufficient in a practical system because of the losses occurring in 
the laser cavity. In order to achieve true population inversion, three or four energy 
levels systems are used. In both systems, there exist a central metastable state (as 
shown in figures 2.4(a) and (b)) in which the electron spend unusually long time 
before decaying to ground state.
The three level system consists of a ground level, E0, a metastable level, E} 
and third level, E2, above the metastable level. Under the influence of suitable 
pumping, electrons may be excited from ground, Ea level to the level E2. As E2 is 
a normal level, electrons will rapidly decay by non-radiative process to either E0 or 
to Ej. Hence empty states will always be provided in E2. The metastable level 





















Figure 2.4. Population inversion in (a) three energy level system and (b) four level
system.
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electron to accumulate. With sufficiently intense pumping, a significant number of 
electrons can be pumped to level Et. A population inversion between Ea and E1 
occurs when the population of E2 exceeds that of ground level and lasing action 
may occur as a result of radiative transition between E1 and Ea.
The main drawback with the three level system is that it requires very high 
pumping power because the level Ea is the ground state. This problem can be 
solved by using four level system (figure 2.4(b)). In this case, electrons are excited 
from ground level Ea to the level E3. They decay rapidly to the metastable level 
E2. The population of E3 and E} remain unchanged as a result of fast decay of 
electron, a small increase in the population of level E2 creates population inversion 
and lasing takes place between E2 and E2.
Although, population inversion may be obtain in three or four energy levels 
systems more efficiently. However, the study of two level system is helpful in 
understanding the laser action and can be extended to semiconductor band struc­
ture. Therefore here we restrict ourselves to two level system.
2.2.3. Optical feedback
The laser, despite its acronym, is usually interpreted to mean an oscillator 
than an amplifier. The laser is basically a Fabry-Perot etalon in which the space 
between the two mirrors contains an amplifying medium with an inverted popula­
tion. The initial stimulus is provided by any spontaneous transition between appro­
priate energy levels in which the emitted photon travel along the optical axis. The 
generated light is amplified when it passes through the medium. The net gain per 
unit length of most active medium is so small that very little amplification of light 
beam results from a single pass through the active medium. However, the arrange­
ment of mirror surfaces forms a Fabry-Perot cavity (or resonator), which provides 
total internal reflection. The light of a particular frequency can be reflected back
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and forth within the resonant cavity in a reinforcing (coherent) manner, if an inte­
gral number of half wavelength fit between the end mirrors, such that;
where L is the cavity length, m is an integer and X is the wavelength.
In practice, the distance in a half-wavelength of visible or near infrared light 
is so small that equation (2.28) is automatically satisfied over some portion of real 
mirror spacing. Therefore, many values of m will fit the resonant condition. After 
multiple passes, the net gain can be substantial as a result of positive feedback and 
when the optical gain exactly matches the losses, a stable output is obtained. How­
ever, only those modes for which there is no net loss can oscillate in a stable 
manner.
The minimum gain necessary for the operation of a laser can be determined 
by considering the increase of irradiance undergone by a beam of light at the res­
onance frequency in travelling a roundtrip path inside a FP resonator of length, L, 
as shown in the figure 2.5. Because of the gain of the material, the radiation 
intensity grows exponentially with distance, z. According to Beer’s law it can be 
given by;
where I(o) is incident irradiance, I(z) is light intensity at a point z, g21 is the gain 
and a  is the absorption coefficient which is sum of losses due to free-carrier, 
coupling losses, band edge absorption losses and scattering losses.
After a round-trip, the intensity is given by;
I(z) = I(o) exp{(g21 -  a)z} (2.29)
7(27,) = I(o )RxR2 exp[2L(g21 -  a)] (2.30)
At the lasing threshold, 7(2L) = /(<?). Therefore;
-  a)] = 1 (2.31)
or
2 L RxR2 (2.32)
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Figure 2.5. The geometry of the Fabry-Perot resonator.
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Figure 2.6. The schematic representation of available energy states within the con­
duction and the valence bands.
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where 1 i 1 is the mirror loss.
2 L l l l RxR2
Equation (2.32) indicates that gth can have a wide range of values, depending 
on the cavity length, the absorption coefficient of the material, the facet reflecti­
vities and the structure of the laser which also effects a.
2.3. Optical absorption and emission in semiconductors
23.1. Necessary condition for lasing action in semiconductors
The energy level structure inside a semiconductor is much more complicated 
than that of simple atomic system considered above. According to the Pauli exclu­
sion principle, the available electron states in the semiconductor can be represented 
by a continuous band of states within the valence and conduction band, as shown 
in figure 2.6. The probability that the state Ej contains an electron is given by 
Fermi-Dirac statistics, rather than Boltzmann statistics, as;
/ . =  r b   (2-33)
1 p  . 1
exp
And the probability that the energy state, E2 is occupied by an electron is;
J. 
2 "  . 1 
exP H f - +  1
where FP and FN represent the quasi-Fermi levels for the valence and conduction 
bands under non-equilibrium conditions respectively. The quasi-Fermi level repre­
sents the points where the states would be 50% occupied in non-equilibrium condi­
tions.
The rate at which electrons in an energy state E1 in the valence band can be 
excited up to the state E2 in the conduction band depend on several factors includ­
ing the probability that the transition can occur (B12), the probability that the state 
Et contains an electron (/j), the probability that the state E2 is empty [1 - f y  and
= (2-34)
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the density of the photons of frequency v21, p(v21). The upward transition rate may 
be then written as;
'•i2 = *n/;[l-/2lp(V2i) (2.35)
In addition to being absorbed, these photons can also stimulate the emission 
of similar photons by the transition of an electron from E2 to Ej. Therefore, the 
downward transition rate is given by;
r2i= B2J S l - f lp ( y 2l) (2.36)
where [1 - / J  is the probability that the state Ej is empty.
If stimulated emission is to occur, then the rate of downward transition must 
exceed the rate of upward transition, that is;




/ i [ l - /2 l< /2 [ l - / J  (2.38)
requiring that;
/ 2> /, (2.39)
This is analogous to the population inversion condition in an atomic system
i.e. n2>nj. On substituting equation (2.33) and (2.34) into equation (2.38), the fol­
lowing important relation for net stimulated light output can be obtained;
, I e 2 -e ,ex p i---------  > exn (2.40)
kT J L kT  J 
Equation E1- E 1=hv  can only be satisfied if
hv <FN- F P (2.41)
This equation states that net stimulated emission occurs for all transitions 
where the photon energy hv  is less than the separation of the two quasi-Fermi 
levels. If the material which is being used as an active medium has a definite
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energy gap, Eg, then FN- F P must be greater than Eg before any stimulated 
emission can occur. This condition was first derived by Bernard and Duraffour [1]. 
Equation (2.41) shows why the unpumped semiconductor in thermal equilibrium 
cannot lase as there is no separation between the quasi-Fermi levels. Basov et al 
[2] suggested that the condition for the separation of quasi-Fermi levels in semi­
conductor could be achieved by the injection of carriers across a p-n junction. Also 
equation (2.41) tells us either one or both of the quasi-Fermi levels must lie 
outside the band edge, when the junction is forward biased in the valence and/or 
conduction band. This mean that the p-n junction must be degenerately doped to 
achieve this, or alternatively a heterojunction must be used.
When the junction is forward biased, the electrons are injected across the 
junction from the n-type material into the p-type material and holes are injected 
from the p-type material into the rc-type material. Once these carriers cross the 
junction where they exist as minority carriers, they are out of thermal equilibrium 
and they recombine with majority carriers. This recombination process may be of 
several different types and it will be discussed below.
2.3.2. Recombination mechanisms in semiconductors
The electron-hole recombination process can in general be divided into two 
groups, radiative and non-radiative recombination.
2.3.2.1 Radiative recombination
The radiative recombination occurs when an electron in the conduction band 
recombines with a hole in the valence band and the excess energy is emitted in the 
form of a photon. The radiative recombination is thus the radiative transition of an 
electron in the conduction band to an empty state (i.e. hole) in the valence band. 
The optical process associated with the radiative recombination of electron-hole 
pair in semiconductors are spontaneous emission and stimulated emission.
The rates of the recombination processes in a semiconductor are related to
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each other through the Einstein relations. In order to achieve net stimulated 
emission, the downward transition must be equal or greater than the upward transi­
tion. Therefore, the net rate of stimulated emission rst can be written as;
r st = r2l- r l2
rsr=B2lp(v2l)\f2~ f i  (2.42)
Spontaneous emission in semiconductors is characterised by the spontaneous 
lifetime. The net spontaneous emission rate can be written as;
' C.43)
"sp
The absorption rate, which is the difference between upward and downward 
transition rates, just the opposite of stimulated emission, is given by;
r abs =  r  1 2 - r 21
Tabs ~  B 2i \ f i  ""73 P(V2l) (2.44)
2.3.2.2. Non-radiative recombination
The non-radiative recombination of an electron-hole pair is characterised by 
the absence of an emitted photon in the recombination process. This includes sur­
face recombination, the recombination at defects and Auger recombination.
In lasers, the cleaved facet surfaces are exposed to the ambient temperature 
and in general, a surface is a strong perturbation of crystal lattice, creating many 
bonds that could act as centres of non-radiative recombination. These defects can 
be reduced by coating the mirror facet surfaces to enhance the facet reflectance.
Defects in the active layer of an injection laser can be formed in several dif­
ferent ways. In most of the cases, they are grown in during epitaxial process and
can be avoided by growing defect-free materials.
The Auger recombination process is an intrinsic process. Physically speaking, 
during the Auger recombination process, the energy released by the electron-hole 
recombination is taken by a third charge carrier and eventually lost to the lattice
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phonons. The rate of the Auger recombination is higher for long wavelength 
devices, whereas material with wider bandgap, such as GaAs, the Auger recombi­
nation process becomes significant only above a carrier concentrations of 1019/cm3.
2.3.2.3. Direct and Indirect bandgap semiconductors
The ratio between radiative and non-radiative recombination processes event­
ually defines the internal quantum efficiency, T|/rt of the emission process and this 
parameter needs to be made as large as possible. In optical sources, the radiative 
recombination process is obviously preferred to the non-radiative recombination 
process. The most useful type of material for this purpose is the so called 
direct-bandgap semiconductor material, such as GaAs, InP and GaSb, in which the 
minimum of the conduction band and maximum of the valence band occur at same 
crystal momentum value as shown in figure 2.7(a).
Figure 2.7(b) shows energy momentum diagram of direct-bandgap material 
where the maximum and minimum of the valence band and the conduction bands 
respectively occur at different values of crystal momentum.
2.3.3. The lasing threshold
The expression for the gain coefficient for the two-energy-level system in 
equation (2.32) can, in principle, be applied to semiconductor lasers directly. How­
ever, in the situation where the optical wave extends in both the transverse and lat­
eral directions, only the fraction of power which remains within the active layer 
can participate in stimulated emission. The proportion of the optical intensity 
confined to the active layer, relative to the total optical power in active layer, is 
called the confinement factor, T. The efficiency of the confinement of electromag­
netic field mainly depends on the order of the transversal mode confinement which 
is given by the thickness of active layer and the increments by which the refractive 















figure 2.7. Schematic energy-momentum diagram for (a) direct band-gap and (b) 
indirect band-gap materials.
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section 2.4). Analytically, the confinement factor for the fundamental TE and TM 
mode in heterostructure lasers is given by [3];
V2
r TE ~ 2 + V2
(2.45)
and
_ V"2'a T v (2.46)
where V is the normalized active layer thickness (see section 2.5).
The effect of T  changes the lasing condition of equation (2.32) to;
8  th
1 1 1 1a + — In- (2.47)2 L RxR2_
In semiconductor lasers, usually R=Rj=R2 and equation (2.47) can be re­
written as;
8th 4 [ o + i i4 ]
(2.48)
The facet reflectance, Rj of the laser facet for the plane wave can be calcu­
lated by the Fresnel relation, that is;
* i=
V - i v
n3+ 1
(2.49)
The threshold gain, glh, also defined as [4,5];
(2-50)
where P is the slope of the g vs curve [6]. is the current density required 
to maintained excitation rate of l\im thick active layer device for unity internal 
quantum efficiency [5]. / (7Iom)o is the transparency current density (7(nom)o is the 
value of Jnom where gain just overcome losses). Jnom is given by;
T\inJ (2.51)
42
where r|fJ1 is the internal quantum efficiency, d3 is the thickness of the active layer 
and J  is the current density. The internal quantum efficiency of a semiconductor 





where T]d is the differential quantum efficiency, which is the slope of the I-L char­
acteristic (section 2.6) in lasing region, that is;
AP
*1 D = J f  (2.53)
The current density which is necessary to achieve the threshold gain for broad 
area lasers is given by [8];
J l h = J t + J e + J h (2.54)
where Jt is the total current density. Je and Jh are the leakage current densities due 
to electron and hole leakage currents. Je and Jh in equation (2.54) can be ignored
at low the level of doping (as in DH lasers) and at the higher level of A1 concen­
tration in passive layers [9]. Therefore, from equations (2.48)-(2.51), at threshold;
J  - A L L  
'* Ti,„lrp +•/<„„„, J (2.55)
The lowest threshold current density possible for a laser diode is given by
[10];
(2.5«
Jth can further be reduced by increasing the length of the device and increas­
ing the facet reflectivity. For a fixed optical loss, Jth is determined by the wave­
guide parameter, T and by the gain constant, (3.
2.3.4. Optical radiation losses in semiconductor lasers
There are three main contributions to laser losses. They can all be important,
43
in different circumstances, in contributing to the total loss, a  in equation (2.47). 
The three loses may be defined as [5,11];
a  = r a /c + ( l - r ) a /c + a s + a c (2.57)
where afc is the free carrier absorption, a j s  the scattering loss, and ac is the coupl­
ing loss.
The cause for free carrier absorption losses is the direct interaction between 
optical waves and electrical carriers (electrons and holes) in the conduction band. 
It is approximately proportional to the square of the wavelength and directly pro­
portional to the carrier concentration [11]. For energies close to the bandgap 
energy, the free carrier absorption can be defined as [12];
<*/c = bfcNfc (2.58)
where the Nfc is the free carrier concentration. The coefficient bfc is a constant. For 
GaAs, bfc is 3xl0'18/cm2 for electrons and 7 x l0 18/cm2 for holes [9].
In the active layer, the propagating mode spreads outside the active layer and 
afc is reduced by the confinement factor T in the same manner as the active layer 
gain coefficient Tafc accounts for the free carrier losses in the active layer. In the 
adjacent AlGaAs layers, the losses are generally only free carrier losses, but they 
can also be band-to-band absorption losses if a low energy tail exists on the 
absorption spectrum of that material. Since the fraction (1 -T ) of the propagating 
mode is within the AlGaAs layers, this contribution to the a  is inserted in equation 
(2.57) as ( l- r )c x /c.
Free carrier absorption in the passive layers of heterojunction lasers can be 
reduced by reducing the doping level and it becomes insignificant at carrier con­
centrations of 1017 cm'3 or lower [13] in GaAs. Decreasing the doping level in the 
active layer may be of some benefit in reducing free carrier losses, but it is the 
concentration of injected carriers at lasing threshold that must be considered 
because the gain increases with injected carrier concentration proportionally more 
than does the loss.
The scattering losses in the heterojunction laser are due to irregularities in the
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heterojunction surface. Epitaxial technology has developed to such a level where 
these imperfections can largely be minimised during layer growth. However, in 
poor samples, this loss has been reported as high as 12/cm [14].
The coupling losses, ac can occur only whenever the optical field spreads 
beyond the wider energy gap confining layers. The coupling losses due to the leak­
age of radiation beyond the cladding layers are usually insignificant because the 
cladding layers are designed to be thick enough, typically 1 (xm, to allow the 
optical field to decay.
For most practical purposes, the total losses in the heterojunction laser are 
dominated by the free carrier absorption losses. Thus equation (2.57) can be 
written as;
a  = afc (2.59)
2.4. Types of semiconductor lasers
2.4.1. Homojunction lasers
As mentioned before, the p-n junction provides the active medium and popu­
lation inversion is achieved by forward biasing the p-n junction formed from heav­
ily doped (degenerate) p  and n type semiconductors. Heavy p-type doping with 
acceptor impurities causes a lowering of the Fermi level into the valence band. 
Similarly degenerative /i-type doping causes the Fermi level to enter the conduction 
band. In thermal equilibrium, the Fermi energy has the same value throughout the 
material as shown in figure 2.8(a).
When the junction is forward biased with a voltage nearly equal to the band­
gap voltage, electrons and holes are injected across the junction. At the high injec­
tion current, a region of inversion is created where the Fermi levels split into the 
two quasi-Fermi levels and they are separated by more than the bandgap energy 
(figure 2.8(b)). This inverted region is usually referred to as the active region. This 
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Figure 2.8. Energy band diagram of p -n  junction at (a) zero bias (b) forward bias
(c) schematic representation of the electron and hole densities under forward bias
(d), (e) and (f) distribution perpendicular to the junction plane of the refractive 
index, gain and light intensity.
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this region, the condition of equation (2.41) is satisfied for the radiation of fre-
Eg (FN ~ Fp)quency y  < v < —-—. Any radiation of this frequency which is confined to the 
active region, will be amplified. Lasers which are made of single p-n junction, are 
known as homojunction laser. If, for example, the semiconductor is not degener­
ately doped and the quasi-Fermi levels are within the energy gap, then lasing can­
not take place.
In homojunction lasers, however, the active region, where the gain is 
sufficiently high for lasing to take place is restricted to a narrow region near the 
junction, where the carriers are recombining. This perturbation in carrier density 
perturb the complex refractive index as shown in figure 2.8(d) and light generated 
can be guided by the resulting waveguiding effects (since refractive index of the 
active region is slightly higher than the surrounding area and this creates an inter­
nal built waveguide, see section 2.5). However, the guidance provided by this 
mechanism is very weak and the confinement of photons to the region of highest 
gain is very poor (figures 2.8(e) and (f)). Due to the poor confinement of the 
optical field, only the proportion of optical field confined to the active region will 
undergo amplification and the proportional of light not confined to the active 
region would be strongly attenuated. As a consequence, a very large current den­
sity would be required to achieve lasing action. Early homojunction laser required 
to be operated at liquid nitrogen temperature to maximise the gain.
2.4.2. Heterojunction lasers
The successful operation of the laser requires that both the carriers and the 
generated optical field should remain confined to the vicinity of the active region. 
This is achieved by fabricating double heterojunction (DH) lasers. Figures 2.9(a) 
and (b) shows the energy band diagram of a DH laser under thermal equilibrium 
and forward bias, where a thin layer of GaAs (lower energy gap and higher refrac­
tive index) is sandwich between relative thick layers of AlGaAs (higher bandgap 
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Figure 2.9. Energy band diagram of double-heterostructure laser at (a) zero bias 
(b) forward bias (c) area satisfying the condition E ^ F ^ F p  under forward bias (d) 
and (e) the distribution of the refractive index and light intensity.
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where electrons and holes move freely under forward bias (figure 2.9(b) and (c)). 
However, once there, they cannot cross over to the other side because of the 
potential barrier resulting from the bandgap difference. This region, as shown in 
figure 2.9(c), satisfies the condition of equation (2.41) for the radiation of fre-
E (FN~Fp)
quency — < v < —-— without the need for degenerative doping of either GaAs or 
GaAlAs.
In DH lasers, the optical confinement occurs by virtue of a fortunate coinci­
dence. The lower bandgap active layer also has a higher refractive in comparison 
to the wider bandgap surrounding layers. The refractive index difference (figure 
2.9(d)) creates an internally formed dielectric waveguide (dielectric waveguide will 
be discussed in section 2.5) which keeps the generated field in the vicinity of the 
gain region as shown in figure 2.9(e). Optical confinement deteriorates when the 
thickness of the active layer reduces below a certain value. The critical value can 
be made smaller by increasing the refractive index difference between active and 
passive confining layers. Typical critical value lie between 0.1 to 0.3|im, depend­
ing upon the refractive indices of active and passive layers.
The improved confinement of charge carriers results in a dramatic reduction 
in the required current density to achieve the threshold gain and this has made 
possible the operation of semiconductor lasers at room temperature in CW mode.
2.4.3. Stripe geometry DH lasers
The DH laser structure provides optical confinement in the transverse direc­
tion via the refractive index difference at the heterojunction interfaces, but lasing 
takes place across the whole width of the device. The field parallel to the device 
width is suppressed by making the sides rough, as shown in figure 2.10(a) for 
broad area DH laser, in order to reduce unwanted emission in these directions. 
Also, the broad emission area creates several problems including lasing from mul­
tiple non-uniform filaments in the relatively wide active area. In order to overcome 
this problem, usually a stripe geometry structure (as shown in figure 2.10(b)) of
49
such a width that only a single radiation filament can be excited is used. Such 
lasers, known as the stripe geometry lasers or stripe contact lasers have now 
become a dominant class of injection lasers. Generally, the stripe geometry is 
formed by creating high resistance areas on either side by techniques such as pro­
ton bombardment [15] or oxide isolation [16].
The restriction of the active region also provides the advantages such as;
* the reduction of the threshold current
* the less exposure of the active region (only the area under the stripe) to 
surroundings, which slows down the process of gradual degradation of the 
laser and also it reduces the mirror facet heating effects, hence a less tem­
perature sensitivity.
* an overall improvement in thermal properties.
The efficiency of the conversion of the electrical energy supplied from a 
source to the stripe laser is restricted by the three processes; (1) the spreading of 
electrical carriers in the lateral direction, (2) the lateral diffusion of minority 
carriers in the active layer after they pass through the p-n junction but prior to 
their recombination within the active region, and (3) the spreading of optical field 
in the lateral direction.
The spreading of current is shown schematically in figure 2.11. Because of 
the spreading of electrical carrier, the applied current also flows through an area 
close to the stripe region. The total current, Js flowing from the stripe contact is 
divide into the two parts i.e. the current J, flow into the active region just beneath 
the stripe and the currents J0 which flow into the region close to the stripe on both 
sides. Therefore [5];
JS=J, + 2J0 (2.60)
where Js, J, and Ja are the stripe geometry laser’s, total and the leakage current 
densities. JQ can be given as [9,17];
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Figure 2.10. DH semiconductor laser geometry (a) broad area contact laser and (b) 
stripe contact laser [4].
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where W is the width of the stripe. Rx is the composite sheet resistance. pv is the 
exponential junction parameter. Rx is given by;
( 2 ' 6 2 )
here d{ and pf are the thickness and the electrical resistivity of layers between the 
contact layer and the active layer. (3V is defined as [17];
0.63)
where e is the electronic charge, ns is a constant, k is the Boltzmann constant and 
T is the temperature. The value of constant ns for GaAs/AlGaAs p-n junction is 
usually 2 [18].
In the stripe geometry laser, the total pumping current at threshold, Isth and 
injected current density are related via equation as [17];
(2'64)
In practice the distinction between the current spreading and the lateral diffu­
sion of minority carriers becomes somewhat blurred in the process which take 
place in the active layer. Thus these two phenomenon should be consider together. 
However, in stripe geometry lasers, the lateral current spreading is the main con­
tribution to the increase in the threshold current density [17]. For such lasers, it is 
reasonable to assume that lasing starts once the current density under the stripe, Jt 
reaches a value equal to the threshold current density for broad area DH lasers 
fabricated from the same material. Therefore equation (2.60) can be re-written as 
[17];
+ 2-U  (2.65)
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where Jbth is the threshold current density of a broad area laser made from the 
same material as the stripe contact laser having threshold current density of Jsth and 
can be calculated from equation (2.55).
By combining equations (2.55) and (2.64), one can get;
This equation shows that Isth increases with the length and the width of a 
device and, theoretically speaking, the lowest threshold current can be achieved 
with very small and narrow active layer. In practice, the current density will be 
very high, which could damage the device.
The degree of the current spreading depends upon the value of Rx and the 
stripe width. The effect of Rx and the stripe width on electrical carriers spreading 
is shown graphically in figure 2.12.
The restriction of the active region in stripe geometry lasers also produces a 
shallow maximum in the refractive index of the region under stripe, which forms a 
dielectric waveguide confining the optical field to a region below the stripe. The 
gain under the stripe varies continuously peaking at the center and falling away to 
a region of loss at edges. Therefore, in addition to the effects of the current 
spreading and the lateral diffusion in the active layer, Jsth can also be influenced by 
optical mode loss. This loss is due to optical radiation absorption losses in both 
active region and the surrounding A^Ga^As layers and diffraction losses due to 
the optical field spreading outside the active region, both transverse and along the 
junction plane (optical radiation losses in the transverse direction are accounted in 
equation (2.47) by inserting the parameter T). Tsang [17] considered the effect of 
the lateral spreading processes on Jsth and he found that the influence of optical 
mode loss in the lateral direction is not as important as the current spreading and 
the lateral carrier diffusion in typical buried heterostructure stripe geometry lasers. 
The influence of optical mode loss on Jsth is shown in figure 2.13. It can be seen 
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Figure 2.12. The effect of (a) Rx and (b) the stripe width, W on carrier spreading 
[17].
 CURRENT SPREADING AND
CARRIER O U T - D IFFU SSION
  CURRENT SPREADING  AND
CARRIER O U T -D IF F U SIO N  
AND OPTIC AL MODE L O S S E S
70605040I 30  
ST R IP E  WIDTH (M m )
20
Figure 2.13. The effect of the stripe width on threshold current density Jsth [17].
54
radiation losses due to optical mode spreading in the lateral and transverse direc­
tions and due to the absorption of optical radiation, a) on Jsth is small as compare 
to other two phenomenon. If one takes account of optical mode loss due to the 
spreading of optical radiation in the transverse direction and a, then the influence 
of optical mode loss is expected to be significantly lower than that is shown in fig­
ure. However, in the rib waveguide structure (which is used during the work 
reported in this thesis and will be discussed in section 2.5.2), due to a small index 
step, the optical field is weakly guided in the lateral direction, and therefore the 
optical mode loss in the lateral direction is expected to have more influence on Jsth 
than for other laser geometries which have strong waveguiding (such as buried het­
erostructure laser) effects in the lateral direction. Furthermore, if the stripe gets 
narrower, the confinement of the optical field becomes poorer in the lateral 
direction. The value of T in equation (2.47) reduces and hence the required value 
of gth increases. This actually results in a higher value of Jsth and hence higher Isth 
for the rib waveguide laser since Jsth is determined by waveguide parameters T and 
p. The effect of optical mode loss in the lateral direction on Js[h will be discussed 
later in the experimental part of this chapter in more detail.
In both directions (parallel and perpendicular to the junction plane), wave- 
guiding is the main phenomena which is responsible for wave propagation in the 
active layer of a stripe geometry laser and will be discussed in the next section.
2.5. Optical waveguides
A dielectric waveguide is a fundamental element that interconnects various 
components in integrated optical circuits. A waveguide may confine radiation in 
one or two directions, depending on the guiding structure. The simplest type of 
dielectric optical waveguide is the planar or slab waveguide which confines the 
optical radiation in only one direction. The study of the slab waveguide and its
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properties is useful in gaining an understanding of the waveguiding mechanism in 
more complicated waveguides, such as rib waveguide (section 2.5.2). Thus, the 
slab waveguide is discussed below.
2.5.1. Slab waveguide
The structure of the slab waveguide is shown in figure 2.14. It is character­
ised by parallel planar boundaries in the y-diiection and infinite in the lateral jc-di- 
rection. Due to the infinite lateral dimensions, it can confine radiation in one 
direction. The physical mechanism behind the confinement is due to total internal 
reflection which occurs if the angle of incidence of a ray, 0j, is greater than the 
critical angle, 0C, which is given by;
A similar relation can be written for the layer 2 and layer 3 interface. There­
fore, a fundamental requirement of the waveguide structure is that the refractive 
index of the guiding dielectric medium must be slightly higher than the 
surrounding medium in order to keep the propagating waves within guiding layers,
i.e.
The slab waveguide can be analysed by a rigourous EM field theory approach 
using Maxwell’s equation as well as the conceptionally simpler ray optics 
approach. Both analyses are consistent and have been developed in several texts 
[19,20] and will not be considered in detail here. Both methods show that a slab 
waveguide can support a discrete number of modes confined within the guiding 
layer, plus a continuum of radiation modes.
According to EM-wave analysis (using Maxwell’s equations), the guide can 
support a mode only when (see for example reference-21);
(2.67)




Figure 2.14. Zigzag wave propagation picture for the guided mode in the slab 
waveguide.
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where the free space vector, ^ and pz is the propagation constant in the z-di-
The ray-optics analysis gives the relation for guided modes in the z-direction 
at a discrete angle, Qd;
where © is the angular frequency and vp is the phase velocity of the guided 
modes.
From equations (2.67) and (2.70), pz is bounded by the propagation constant 
of the lower refractive index cladding layer and the guiding layer in such a way 
that;
Vz2, k(ji3 < pz < ktfix
This condition is similar to equation (2.69).
The relationship between © and pz is shown in the sketch of the ©-pz dia­
gram [21] in figure 2.15 for the asymmetric slab waveguide. This figure explains 
some of the guiding characteristics of the slab waveguide. Only three guided 
modes are shown. This figure shows that an asymmetric guide cannot always sup­
port a guided mode. At the cut-off frequency, the propagation constant assumes the 
value of the lower bound njk0 and as © increases, pz approaches its upper bound 
n3k0. As a result, more and more guided modes appear. Also in figure 2.15, the 
continuum spectrum of radiation modes (modes which do not satisfy equation
(2.67) and lost in the substrate material or in waveguide surroundings) is shown.
In order to make the discussion simpler and to have more precise ©-pz dia­
gram, it is worthwhile to introduce normalization that combine the various guide 
parameters. Accordingly, the normalized guiding layer thickness V (oftenly called 
the V-number) is defined as;
'°  *0
rection.





F O R B I D D E N
R E G I O N
R A D I A T I O N  M O D E S
V / / / / / / /
<u










0 2 4 6 8 10 12 14 16
V
Figure 2.16. Normalised c o -p  diagram as a function of asymmetric factor [22].
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It is often convenient to use an effective index term by considering the slab 
waveguide as hypothetically homogeneous guiding structure and is defined as;
= Tii sin 0d (2.72)
This is bounded by;
n2, n3 < Neff < nx (2.73)
Also a normalized guide index, b, can be defined as;
b = - f - r  (2-74)n [ -  n3
For small index differences, Neff can be given as;
Neff = n3 + b(nl +n3) (2.75)
Finally, an asymmetric factor (measure of asymmetry of the planar wave­
guide) for TE and TM modes can be defined as;
n l - n l
a T E = - < 2 -76)n{ -  n3
n tin l-n l)
a T M ~  4 ,  2 2 \ (2.77)n2(n {-n 3)
For symmetric guides, n2 = n3, a=0 and for asymmetric guides, n2 < n3, a>0.
The normalized co-|3z diagram, which is achieved by using normalized para­
meters [22] is shown in figure 2.16 for four different values of asymmetric factor. 
This figure explains the similar propagation characteristics of a waveguide as 
explained by figure 2.15, but it also shows that a symmetrical waveguide can 
always support a propagating mode. This is generally the case for double heteros- 
tructuie lasers, because the active layer is usually sandwiched between surrounded 
layers of the same material of higher energy gap and lower refractive index. In this 
case, a fundamental mode can always propagate, even in very thin layers, but the
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confinement factor then decreases (see equations (2.45) and (2.46)). The number of 
guided modes which a guide can support is given by;
2 x d (n l-n l)  
m -   -------  (2.78)
Figure 2.16 along with equations (2.71) through (2.77) can directly be used to 
obtain the value of effective index of a waveguide.
2.5.2. Rib waveguide
The structure of the rib waveguide is shown in figure 2.17. This type of 
optical waveguide gives optical confinement in two directions, in contrast with the 
planar optical waveguide in which confinement occurs only in one direction. The 
modes which are supported by the rib geometry are not purely of the TE or TM 
type. However, they can be predominantly of these two types. For this reason, 
Marcatilli [23] refers to them as E Ypq (with Ey and Hx components) and Epq (with Ex 
and Hy components). Where p  and q are the field extrema in x  and y directions 
respectively.
For the case of the 2-D waveguide (such as the rib waveguide), no analytical 
method of solution exists. Accurate results can be obtained by using numerical 
methods such as the vector-H finite element method [24] and scalar variational 
method (SVM) [25,26], but this has a high computational overhead. For this reason 
several approximate analytical techniques, including effective index method (EIM) 
[27], the weighted index method (WIM) [28], the spectral index method (SIM) 
[29] and the equivalent index method [30] have been used. Among all analytical 
techniques, the EIM is a widely adopted analytical technique to determine propaga­
tion constant and the field distribution of a waveguide. This method has been used 
for passive optical rib waveguide [31] and also used by Buus [32] for laser cavity 
modes. The EIM makes it possible to replace the actual structure by a hypothetical 
homogeneous structure in the lateral and transverse directions. Instead of solving 





Figure 2.17. 2-D rib waveguide structure.
Y
N0
Figure 2.18. The application of effective index method to rib waveguide structure.
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and the 1-D solution of the slab waveguide of last section can be applied.
For the waveguide structure under consideration, waveguide side walls appear 
as a step discontinuities, either in dielectric constant or in thickness. By applying 
the transverse resonance method [33] in the jc-direction, the rib waveguide structure 
can be seen as inside and outside portions of a uniform dielectric structure [34], as 
shown in the figure 2.18. The inside region consists of the central rib of the effec­
tive refractive index, Nh where guided modes can be supported. The two outside 
regions are identical and have the effective refractive index Na. Each of the region 
(inside or outside) can be viewed as three layers planar waveguide.
The normalized thickness in terms of V-number in inside and outside regions 
in lateral direction are given by;
V, = V V n F -n F  (2.79)
V0 = k j i ^ n f - n l  (2.80)
V*:
and normalized width, Vw is also given in the same fashion as;
Vw = k„w ^N }-N l (2.81)
where Nj and N0 are the effective indices which are given by
N? = n l+b,(n* -  n32) (2.82)
N l = n 2+ b0(nl -  n%) (2.83)
where bj and bQ are the normalized guide indices and can be obtain from figure 
2.16 if V-number is known.
In practical applications, single mode operation in the lateral direction is 
desirable and the maximum width for single mode operation for rib-guide structure 
is defined as [35];
( 2 - 8 4 )
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where ANeff is the refractive indices difference between Nj and N0.
The accuracy of the effective index method and its agreement with the more 
accurate numerical solution becomes worse as the thickness of the outside region 
decreases (i.e. the rib becomes deeper) and it breaks down completely when the 
thickness of the slab adjacent to the rib is very close to or below the cut-off value 
(typically 0.5|im of GaAs) as shown in figure 2.19 where the results of the EIM 
are compared with more accurate numerical methods such as the scalar variational 
method (SVM) and the finite element method (FEM). It is clear from figure 2.19 
that when the rib height is small, then the guide can be well approximated as a 
slab waveguide. The EIM breaks down when the rib height is larger than 0.5pm in 
GaAs based material because over this range, the slab adjacent to the rib wave­
guide is below cut-off. The top horizontal line represents the slab solution when 
the rib height is zero. The lower horizontal line shows the solution when slab 
height adjacent to the rib is zero. At this limiting stage, the solution of SVM is 
also limited in its application and accuracy. On the other hand, FEM gives accu­
rate solution at all the values of slab thickness.
2.6. Experimental measurements
The purpose of this section is to measure the basic characteristics of a semi­
conductor laser such as the external or differential quantum efficiency r|D, the 
internal quantum efficiency T|fn, optical radiation losses a  and the facet reflectance 
of A.R. coated device. These parameters will be needed later in this thesis to 
evaluate the performance of active waveguide components.
For many applications in optical system and OIC, it is desirable to suppress 
the internal feedback. This is usually achieved by maximizing the end mirror 
losses by applying anti-reflection (A.R) coating. It is common practice to analyse 
the effectiveness of A.R. coating by looking at the laser output characteristics. In 











Figure 2.19. The comparison of the effective index method with more accurate 
numerical methods [24].
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with the output characteristics of the same device prior to coating.
Before proceeding with the experimental measurements, it is worthwhile to 
consider errors associated with experimentally measured values.
2.6.1. Error analysis
All measurements, however careful and scientific, are subjected to some 
uncertainties or errors. Error analysis is the study and evaluation of these uncer­
tainties or errors. Its two main functions are to allow an estimation of how large 
the errors are and to help to reduce them whenever necessary.
2.6.1.1. Sources of error in optical measurements
Generally, the radiation detection circuit consists of a photodiode which is 
followed by an amplification circuit and measuring instruments. There is unlikely 
to be in a situation where there is a single source of error and it is necessary to 
consider all the sources of error in an optical radiation detection measurement 
These include;
1. Instrumental errors: -
These errors are caused by imperfections in the construction and design or mis- 
calibration of a the measuring instrument. The instruments used during the 
experimental work were pre-calibrated and have the error figure within 
manufacturer’s specified error limits (typically 1-2%).
2. Noise:-
Noise may be defined broadly as any signal that does not convey useful infor­
mations and may be classified in a number of ways. There are noise compo­
nents which are clearly thermal in nature (called thermal noise) and those that 
arise from statical fluctuations in the flow of discrete carriers (called shot 
noise). The contributing sources of noise in active waveguide components are 
discussed in more detail in sections 4.6, 5.2.3.4 and 5.3.2.5.
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3. Response time:-
The time of response of a measuring system to an input signal may also con­
tribute to the uncertainty of measurement However, during experimental 
measurements, this limitation was avoided by using pulses longer than the 
system response time and by sampling the output at the end of the pulse.
4. Transmission:-
In the transmission of information from sensing element to indicator, any (or 
all) of these types of errors may arise: (a), the signal may be attenuated by 
being absorbed or otherwise consumed in the communication channel (specially 
in a system with longer signal path), (b). it may be distorted by attenuation, 
resonance or delay phenomena and (c). it may suffer loss through the leakage 
of the signal current. In any of these circumstances, the signal reaching the 
indicator will differ in some respect from that at the primary sensing element 
However, this problem can be avoided to some extent by careful design of an 
experiment by shortening the signal path and by properly screening connecting 
wires (this approach was adopted throughout this thesis).
5. Misalignment errors: -
When the input light from the source laser is coupled to the AWOD or AWOA, 
a misalignment between the two components can cause a significant amount of 
error. During the work reported in this thesis, a novel alignment technique (as 
described in chapter-4) was used to align the two active components, therefore, 
misalignment between two active devices is expected to be relatively small.
6. Back-reflection errors:-
The multiple feedback between the two butt-coupled active components can 
cause a large amount of uncertainty in the output characteristic of an active
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waveguide device. In fact, multiple feedback was found to be responsible for a 
measured 50% increase in the responsivity of the FP AWOD (chapter-4) and 
was a main reason for self-sustained pulsations (chapter-6).
7. Errors due to optical flux leakage:-
This source of error may be one of the important sources of error in OIC 
devices. During the experimental work, the effect of this source of error was 
eliminated by taking into account the leakage of optical flux while measuring 
the response of the AWOD or AWOA (see chapters 4 and 5).
8. Ambient temperature influence on the measuring system: -
Of the various ambient conditions that may alter the response of a device, tem­
perature changes play an important part in the absolute values of the measure­
ments. The influence of the change of temperature on the measuring instrument 
was minimised by performing nearly all measurements in a temperature 
controlled environment.
9. Errors o f observation and interpretation:-
Errors in the observation, interpreting and recording of data must also be con­
sidered among the sources of uncertainty in measurements. These include paral­
lax errors and personal bias of observer and can be reduced by making several 
observations of the same measurement.
2.6.1.2. Types of error
Errors can be divided into two classes.
a) systematic errors
b) random errors
An error, which in the course of a number of measurements made under the 
same conditions of the same value of a given quantity, and which either remains 
constant in absolute value and sign or varies according to a definite law when the
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conditions change, is called a systematic error.
Sometimes, it is found that repeated readings under the same operating condi­
tions are not identical, and these types of error are referred to as random errors. 
Random errors are caused by spontaneous fluctuation in certain physical quantities.
The limit to the sensitivity and accuracy of any measurement is usually set by 
fundamental physical fluctuations in the quantity itself which is being measured. 
Sometimes these fundamental fluctuations (which give rise to random error) can be 
directly displayed as noise in the measurements. In other cases, a lower semi-fun­
damental limit to the sensitivity of the measurement is set by systematic errors 
because of the non-ideal nature of the material, and these errors are hard to detect
The distinction between random and systematic errors is not always clear-cut 
For example, noise is inherently random in nature, but if the response of the indi­
cating system is always in the same direction independent of the signal polarity, 
then, for a weak signal, the noise present may produce a positive indication that is 
larger on the average than would be produced in the absence of noise, by the sig­
nal being measured. Thus, for some systems, noise may give rise to a spurious sig­
nal that is always added to the measured value and its effect is systematic. Table 
2.1 shows the breakdown of the sources of errors in a optical radiation detection 
set-up.
Table 2.1. Breakdown of sources o f errors.
Source of error Type of error
Random Systematic
Instrumental errors Seldom Almost always
Noise Generally May be
Response time Seldom Almost always
Transmission Sometimes . Usually
Misalignment errors Seldom Usually
Back-reflection errors May be Usually
Errors due to optical flux leakage May be Usually
Ambient influence on measuring system Usually May be
Errors of observation and interpretation Usually Sometimes
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2.6.1.3. Characterisation of errors
In any experiment, there is never assurance that all systematic errors have 
been eliminated from a measurement or that proper correction has been made for 
those errors which are present. Therefore, during the work reported in this thesis, 
all the possible dominant sources of systematic error mentioned above (in section 
2.6.1.1) were considered carefully and systematic errors were reduced to their 
lowest possible values. It is, however, always possible that significant systematic 
errors may remain unsuspected. On the other hand, random errors can be calcu­
lated and reduced reliably in statistical terms.
There are several statistical methods which are used to characterise the errors 
(depending upon the type of measurements), and expected to take account of small 
systematic errors. Normally, experiments involve the measurement of several 
values of two or more different physical variables in order to investigate the rela­
tionship between them. Probably the most important experiments of this type are 
those where the expected relation is linear and this is the case we are interested in 
here. We consider any two physical variables , x  and y connected by a linear rela­
tion of the form;
y = A + B x  (2.85)
where A and B are constants.
If the two variables x  and y are linearly related as in equation (2.85), then a 
graph of y versus x  should be a straight line which has a slope B and intersects the 
y-axis at y=A. But in practice, there are uncertainties and the most we can expect 
is that the distance of each point from the line will be reasonable compared to the 
uncertainties. If one has to measure N  different values xlt ,xN and the correspon­
ding values ylt ,yN and the measured values are subjected to uncertainties, then
the interesting problem is to find the straight line which best fits the 
measurements. This problem can be treated analytically by means of the principle 
of maximum likelihood. This analytical method of finding the best straight line to 
fit a series of data points is called linear regression or the least-squares fit for a 
line.
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2.6.1.4. Calculation of uncertainties
Let us consider the question of finding the best straight line y =A +Bx to fit 
a set of measured points (x1,yI),....,(xN>yN). In order to make the discussion simple 
and to the point, we assume that, although measurements of x  suffer some uncer­
tainty, the uncertainty in x  is insignificant as compare to the uncertainty in the 
measurements of y. This is often a reasonable assumption, since the uncertainties 
in one variable are much smaller than those in the other, which can therefore 
safely be ignored [35]. We further assume that the measurements of all the values 
of y have uncertainties of same magnitude and the measurement of each y is gov­
erned by the same width parameter a r  This assumption is also a reasonable 
assumption in many experiments since the errors introduced by measuring 
instruments and human errors are expected to dominate the uncertainties. If A and 
B are known, the true value of y-t can be obtained by equation (2.85). The 
measurement of y, is governed by a normal distribution centred on true value, with 
width parameter oy. The probability of obtaining the observed value y; is;
The probability of obtaining complete set of measurements y„ ,yN is the
product;
The expression (yf-A  -B x {) is the deviation of the measured value from its 
true value.
The measurement of each yf is (as we are assuming) normally distributed 
about its true value A+Bxr with width parameter a r  Thus deviations (y, - A  - Bx,) 
are normally distributed, all with the same central value 0 and the same width a r  
A good estimate for oy would be given by the square root of the average of the 
sum of the squares of the deviations of individual measurements, i.e. [35];
PA,B(yi>   3V) — ........ (2.87)
(2.88)
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where A and B are given by;
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If we consider measuring just two pairs of data points (xItyj) and (x2,y2), we 
can always find a line that passes exactly through both points and least square fit 
will give this line. That is, with just two pairs of data, we cannot possibly deduce 
anything about the reliability of measurements. Considering this reality in mind, 
equation (2.88) is corrected as [35];
Since systematic errors were reduced to their lowest possible value, total 
errors in the measurements are expected to be dominated by random errors and 
equation (2.91) can provide a reasonable estimate of error. Therefore, equation
(2.91) will be used throughout the thesis to estimate the errors.
2.6.2.1-L Characteristic
There are two ways of measuring the optical output from a laser diode. One 
is the use of a lens system to focus the light from the LD to a small area optical 
detector. The main disadvantage is the possibility of a reduction in the measured 
light output due to the wide angle of radiation of the LD and this generally 
requires a lens of large numerical aperture and relatively short working distance. 
However, this method offers a fast response time due to the very high bandwidth 
of the small area detector. The other approach, probably the most commonly used 
method for measuring I-L characteristics is to place a calibrated large area detector 
(LAD) or optical power meter close to the laser diode facet to ensure large collec­
tion of output power. But the large area detector has slow response time due to the
(2.91)
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large capacitance of the diode.
Here, the I-L characteristic of devices UB262 (a 2.5\im wide stripe laser) and 
UB238 (a 5{im wide stripe laser) were measured using the latter approach under 
pulsed current conditions using 200nS pulses to avoid excess heating. Figure 2.20 
shows the I-L characteristics of laser diodes UB262 and UB238 at room tempera­
ture of 20°C. The external quantum efficiency of UB262 and UB238 can be 
measured from figure 2.20 by rewriting equation (2.53) as;
AP
tlz> = 2—  (2.92)
The factor 2 in equation (2.92) comes from the fact that the half of the light 
emitted by the laser is collected by the detector and for typical semiconductor laser 
with Rj=R2, the value of the optical output from both facets is expected to be the 
same. The slope of each curve of figure 2.20 in lasing region gives the external 
quantum efficiency, rjD for UB262 and UB238 as 26% and 41% respectively. 
Kawaguchi et al [36] measured as 33% and 38% for 4jim and 9|im wide 
stripe ridge waveguide lasers. Amann [37] has reported similar sort of value for 
ridge waveguide laser. The measured value of T]d of 41% for UB238 is better than 
the reported value in references-36 and 37. The measured value of t\d=26% for 
UB262 is justified because as the stripe gets narrower, r|D reduces due to the 
spreading of optical and electrical carriers in the lateral direction. The effect of 
carrier spreading and optical mode loss in the lateral direction are discussed in sec­
tion 2.6.4.
2.6.3. Loss measurement in laser diode
There are several techniques [14,38,39] to measure the losses in a laser cavity 
which range from the simple cut-back technique [13] to the Fabry-Perot resonance 
measurement technique [38]. The former technique has been adopted here to 
measure the losses inside a laser cavity because of its simplicity. In this technique 
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Figure 2.20. The measured I-L characteristics of UB238 (a 5|lm  wide stripe laser) 
and UB262 (2.5| im  wide stripe laser).
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Figure 2.21. I-L characteristics as a function of length for 5\\m  wide stripe 
devices.
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device length. For this purpose, the I-L characteristics of four laser devices, with 
the same stripe width of 5pm but of different lengths of 200pm, 230pm, 250pm 
and 300pm were measured at 20°C. The results of these measurements are shown 
in figure 2.21. The differential quantum efficiencies for all devices were calculated 
from figure 2.21 using equation (2.92) and the reciprocal of r|D is plotted against 
the cavity length in figure 2.22 (where a ‘best fit’ line is drawn by using linear 
regression or least square fit technique ). The intercept of the curve at L=0 yields 
the value of the internal quantum efficiency, rj!n, Using equation (2.52), Tiin is 
calculated as 64.5±0.4% (the expected error figure of ±0.4% is obtained by equa­
tion (2.91)) which is same for all devices with same stripe width at 20°C. This 
value is close to the reported value of 65% for the stripe geometry laser [40].
Again, by using equation (2.52) , total losses inside the laser cavity with L>0 
can be estimated. Using typical values of L=250pm, T[D=4l%, Rj=R2=30% and 
T|in=64.5%, the losses inside the 5pm wide stripe laser are estimated around 
27.6±0.5/cm. This value is slightly higher than the typical reported value of 25/cm 
in heterostructure lasers [12]. Because the devices investigated here were highly 
temperature sensitive and the temperature of the active layer is always several 
degree higher than the heatsink temperature (see chapter-3), causing higher free 
carrier losses, this slight increase in loss is to be expected. The spreading of 
carriers and the optical field in the lateral direction is not expected to have much 
influence on a  because it is a length dependent property of the material used (this 
can be justified by looking at the results of chapter-3 where loss figure for 2.5pm 
wide stripe lasers is nearly the same as for 5pm wide stripe lasers). The spreading 
of carriers and the optical field in the lateral direction is expected to affect the 
confinement factor in equation (2.47), which will increase the value of Jsth to 
achieve the required value of gth (this effect is discussed below). The experimen­
tally estimated value of a  will be compared with the loss value obtain later in
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chapter-3 using a novel temperature dependent loss measurement technique. 
Eventually, in chapter 3, the loss value for the 2.5|xm wide stripe laser will be 
estimated.
2.6.4. Effect of carriers and optical mode spreading in the lateral direction
A convenient figure of merit for the effectiveness of a stripe geometry laser 
in using the injected carriers is to compare Jsth (assuming that all the current is 
confined under the stripe) to the threshold current density measured on similar 
laser material fabricated in the form of a broad area laser, Jbth.
By using the estimated value of oc=27.6/cm, the calculated value of T=0.46 
(by ignoring the lateral mode spreading because: (1) optical mode loss has small 
influence on Jsth when compared with the carriers spreading in the lateral direction, 
(2) in narrow stripe ridge waveguide laser, such as used here, only the fundamental 
lateral mode where most of the power lies within the central area of the ridge, is 
favoured (because of low losses) and due to higher losses associated with higher 
order modes in the lateral direction and (3) the effective mode spreading width in 
the lateral direction is far smaller than the effective lateral current spreading width, 
as it will be shown below), R1=R2=30% and L=250|im (UB262 and UB238 both 
have the same length), gth is calculated as 165.6/cm. For the typical value of 
/ (nom)o=4.5KA/cm2 [5] and r\in=42% and 64.5% (for UB262 and UB238 respect­
ively), Jbth comes to be 2790A/cm2 and 1816A/cm2 for UB262 and UB238 respect­
ively (from equation (2.55)). By using equation (2.64), Jsth for UB262 and UB238 
is calculated as 7840A/cm2 and 4640A/cm2. This gives the ratio between Jsth and 
Jbth as 2.81 and 2.55. In figure 2.23, the results of reference-36 are compared with 
the results obtained here. It can be seen from figure 2.23 that the values of nor­
malized threshold current density for UB262 and UB238 are very close to the 
reported values for ridge waveguide lasers and are better than the predicted results 
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Figure 2.23. The plot of the normalised threshold current density, JsJ J bth against 
the stripe width, W.
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a result of using material with a high The argument of better lateral confine­
ment can be justified by comparing the obtained value of Jsth with figure 2.13. 
These value are marked with in figure 2.13. In both lasers (UB262 and 
UB238), the measured value of Jsth are lower than theoretical values that are 
plotted in figure 2.13 even though the confinement of optical radiation was poor 
(i.e. T=0.46) and Jbth was higher in our case (Tsang et al [17] has used 
Jblh=l3KAJcm2). This justifies ignoring the lateral mode spreading while calculat­
ing T for the fundamental lateral mode, as was concluded by Tsang et al [17].
Since Jsth varies with the stripe width of the laser diode and hence the 
influence of the current spreading and diffusion of minority carriers on Jslh, this 
changes the requirement of pumping current, which in terms of effective spreading 
width is given by [11];
where s is the effective thickness of the optical distribution, kc is the coupling con­
stant The typical value of (s/kc) is 0.5pm for GaAs based lasers [11].
The effective width for carrier spreading can be calculated from the slope of 
a curve between Isth and A. The different values of A calculated from equation
(2.94) by using data of figure 2.21 are plotted against Isth in figure 2.24. The slope 
of the curve gives Wefj=A6\xm.
In order to compare this value of Weff with the theoretical value (figure 2.12), 
Rx has to be known. Rx can be given by re-arranging equation (2.61) as;
By using equation (2.95), Rx is calculated as 420. IQ and 218.6Q for UB262 
and UB238 respectively. In figure 2.12(b), for Rx=50£l and W=5\im, Weff~ 70pm. 
As Rx increases, the value of Weff reduces accordingly (figure 2.12(a)). Therefore, a
L h = '^ ,fA mA (2.93)
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Figure 2.24. Graph used for the calculation of W eff.
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value of Wgff=A6\xm for 5pm wide stripe laser (UB238) is in line with theoretical 
results. For the same value of Rx, the effective optical mode width (including 
higher order modes since theoretically speaking, the guide with W=5[im can sup­
port more than one lateral mode (equation (2.78)) would be less than Weff [17]. 
Hence the influence of optical mode loss on Jsth is less prominent than the 
spreading of carriers in the lateral direction. Therefore, ignoring the mode spread­
ing of the fundamental mode in the lateral direction when calculating the confine­
ment factor is justified.
2.6.5. Measurement of facet reflectivities
For many applications in optical communication systems and in OICs in par­
ticular, it is desirable to maximize the end mirror losses of semiconductor laser 
devices by reducing the facet reflectivities in order to suppress the internal 
feedback. A number of techniques to reduce the facet reflectance have been stu­
died [41-45].
During the work reported in this thesis, the laser facet were coated with a 
single layer of Si02 A.R. coating using an ion beam sputtering film deposition 
technique. Deposition of the A.R. coating on the laser facet was monitored in situ 
by monitoring the thickness of the film by measuring the optical transmittance 
using the experimental set-up of reference-46. This method uses the quater-wave 
rule [47] and terminates the coating process when the minimum transmittance is 
achieved. The refractive index of Si02 varies from 1.49 to 1.59 [48,49] depending 
on the residual oxygen in the vacuum chamber. Furthermore, the transmittance was 
monitored in situ by using an incident plane wave, whilst for the actual laser 
devices, due to the small aperture size, the transmittance of the A.R. coating will 
differ from the plane wave transmittance. So it is important to measure the reflec­
tivity of the coated facet after being coated. Once the facet reflectance of one facet 
is measured it is relatively easy to reproduce the A.R. coating on other facet under 
the same conditions. The reflectance of the A.R. coated facet off situ can be
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measured by several techniques, such as;
1. by measuring and comparing the power output from both facets [4,50],
2. from the noise spectrum of A.R. coated device [51].
The former method has been adopted here because it offers simplicity of the 
measurement process. For this purpose, a ridge waveguide laser, UB259 was fabri­
cated and one facet of this laser was coated with a single layer A.R. coating of 
Si02. The power outputs from the coated facet, Ply and the uncoated facet, P2, of 
this device were measured (using a small area detector along with an optical lens 
system) and are plotted in figure 2.25. The ratio between the power output from 
the coated and the uncoated facets can shown to be;
where Rj and R2 are the facet reflectances of coated and uncoated facets respect­
ively.
The reflectance of the uncoated facet can be estimated from the Fresnel 
reflection formula (equation (2.49)) and for the GaAs laser it is 30%. The reflec­
tance of coated facet can be determined experimentally by rearranging equation
Figure 2.26 shows the relationship between Rt, calculated from equation 
(2.96) and device injection current. The saturated part of that curve gives the mini­
mum value of facet reflectance as 4.48%. This value is slightly higher than the 
reported values of around 3% [52], measured by same method. There are probably 
two reasons for the discrepancy; (a) the refractive index of Si02 varies due to 
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Figure 2.25. Power output from the A.R. coated facet and the uncoated facet of a 
single side coated device.
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Figure 2.26. Curve used to measure the facet reflectance of A.R. coated facet.
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design calculations and in situ measurement of the A.R. coating has been per­
formed assuming the plane wave solution whereas due to the small effective aper­
ture of the guide, the reflectivity for a given A.R. coating differ from plane wave 
reflectivity [51].
2.6.6. Effect of A.R. coating on laser characteristics
The main purpose of A.R. coating on the laser facets is to use the laser as a 
travelling wave optical amplifier by suppressing the internal feedback. The com­
mon way to analyse whether the device is lasing is to examine its I-L and spectral 
characteristics. In order to carry out this investigation, the I-L characteristic of the 
device UB259 was measured prior to A.R. coating. The measurement of the I-L 
characteristic was repeated after coating one facet of this device. The I-L char­
acteristic of this device was then measured again with both sides A.R. coated. 
Results are shown in figure 2.27 along with the results of reference-52. In 
reference-52 the laser investigated has lower lasing threshold (prior to A.R. coat­
ing), therefore, in order to compare the results obtained here with those of 
reference-52, they are plotted using a normalised current scale. It can be seen from 
figure 2.27 that the lasing action has been successfully suppressed in both cases. 
When the device was coated only single side, it was found to exhibit asymmetrical 
I-L characteristics due to differences in the forward and reverse travelling optical 
densities. Whereas the output from either facet when both facets were coated was 
found to be nearly equal. It can be seen from figure 2.27, that the optical output 
power from single-side and double-side coated devices is higher in our case than 
that reported in reference-52 due to the higher facet reflectance in our case when 
compared to the facet reflectance achieved by Evankow et al [52].
The effect of A.R. coating on the spectral characteristics were investigated by 
inserting a monochrometer between the laser diode and the optical detector. At the 
input and output of the monochrometer, 0.25mm slits were used to increase the 
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Figure 2.27. Figure showing the effect of A.R. coating on the I-L characteristic. 










against wavelength using a sample and hold oscilloscope and an X-Y plotter. The 
schematic of the experimental set-up is shown in figure 2.28.
Figure 2.29 shows the spectral outputs of the laser diode at constant current 
with: (a) no coating on its facets, (b) one side only coated and (c) both sides 
coated. The spectral peaks of the uncoated, single side coated and double side 
coated device are 859.4lnm, 856.5nm and 855.65nm respectively at room tempera­
ture. The shift of the spectral peak towards the shorter wavelength as the device 
behaves more like a travelling wave amplifier could be due to the following 
reasons;
In a Fabry-Perot laser, the carrier density, and hence the quasi-Fermi level 
separation becomes pinned due to the effect of strong stimulated recombination 
within the active region. Since it is the quasi-Fermi level separation which is 
largely responsible for setting the wavelength of the gain maximum, this ensures 
that the gain of the Fabry-Perot laser oscillates at the longer wavelengths.
For devices with A.R. coating, the effect of stimulated recombination is much 
weaker because the photon density is much lower and the pinning of the carrier 
density much lower since lasing action is being suppressed. As the carrier density 
within the device may be higher (indicated by the fact that the photon density is 
lower), the quasi-Fermi separation is wider and the wavelength of the gain maxi­
mum will shift to shorter wavelengths. Additionally, the effect of heat on the mir­
ror facet reflectance may also be an important contribution to this in FP devices 
[54].
2.7. Summary
This chapter has served dual purposes. On the one hand, the basic theoretical 
background which is necessary for the understanding of the generation of optical 
radiation and its propagation in a waveguide, has been investigated. On the other 
hand, basic laser characteristics which are necessary to analyse the light propaga­
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Figure 2.29. The effect of A.R. coating on the spectral output of a laser device.
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produced ‘in house’.
The description of the light emission process in the active medium has been 
carried out starting with simple two layer system using Einstien relations. The deri­
vation of Einstein relations have given a insight into light generation process in a 
active medium and the role of population inversion and optical resonator have been 
explained on the basis of Einstein constants. The necessary condition for the lasing 
action in semiconductors have been derived by using Fermi-Dirac distribution and 
Einstein constants.
The different types of laser have been discussed in terms of practicality and 
performance. The analysis of the slab waveguide has shown that the symmetrical 
slab waveguide can always support a fundamental mode, even when the thickness 
of the active layer is very small, which is the case for the DH lasers. Later, 1-D 
slab waveguide solution was applied to the two-dimension rib waveguide structure 
by breaking the 2-D problem into two 1-D problems using transverse resonance 
method. The application of the effective index method to the rib waveguide struc­
ture was shown to be inaccurate as the waveguide approaches cutoff.
The relationship between the optical and electrical parameters of a 
semiconductor laser has also been established to pave the way to relate the experi­
mental results and theory explained earlier. Experimentally, the relationship 
between the optical and electrical parameter was achieved by measuring the output 
power of laser diode against diode current. From the I-L characteristics of different 
laser diodes, the values of the external quantum efficiency, the internal quantum 
efficiency and optical radiation losses were obtained. The measured values of r|D 
and r|I7l found to be close to reported values. The measured value of a  was found 
slightly higher than reported value possibly due to the higher temperature sensitiv­
ity of devices investigated here since the total losses inside a cavity depend upon 
free carrier losses which increase with the temperature of the active layer.
The threshold current density was found to increase as the stripe width
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decreased as was expected from equation 2.64. This was found to be predomi­
nantly due to the carrier spreading in the lateral direction due to current spreading 
and carrier diffusion rather than because of the influence of the optical mode 
spreading in the lateral direction.
The facet reflectance of the A.R. coated facet of single side coated device 
was measured and found to be slightly higher than the reported values measured 
using same technique. This is because: (a) the refractive index of Si02 can vary 
with the presence of residual oxygen in the vacuum chamber, (b) the design calcu­
lations and in situ measurement of A.R. coating was performed using a plane wave 
monitoring system but the reflectivity of a given A.R. coating under lasing 
conditions differ from the plane wave reflectivity. Lasing was successfully sup­
pressed by applying A.R. coating on one or both facets of a particular diode which 
has similar dimensions to devices to be investigated later in this thesis as active 
components for OIC. A shift in the spectral peak wavelength was observed as a 
result of A.R. coating on laser facets due to the increase in carrier concentration as 
a result of the absence of the optical feedback mechanism, the reduction in stimu­
lated recombination due to the lower internal photon density and due to the reduc­
tion in mirror facet heating effect
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Temperature dependence properties of OIC 
components
3.1. Introduction
When energy in the form of a constant amplitude pulse is applied to a laser 
diode, it is converted into radiant energy emissions and heat energy. The amount 
of heat energy defines the laser operating temperature and it depends upon its con­
struction, material and mode of operation (CW or pulse). The main task of this 
chapter is to investigate the temperature dependent properties of OIC components 
(lasing sources and amplifiers). The temperature dependent properties of the active 
waveguide optical detector are dealt with in the next chapter. Experimental work 
reported in this chapter has been performed using four different devices and these 
were UB238 (5 |im wide stripe), UB262, UB259 and UB258. The structural details 
of these devices are given in chapter 1.
The investigation of the effect of temperature on OICs begins by considering 
the effect of temperature variation on the principal OIC parameters in section 3.2. 
This section also considers the ways of reducing temperature sensitivity of laser 
devices. In section 3.3, power dissipation at the heterojunction in the semiconduc­
tor laser is discussed. The temperature dependence of the threshold current is 
investigated in section 3.4 and a new non-destructive loss measurement technique 
is developed in section 3.5. The effect of temperature on the spectral characteristics 
are examined in section 3.6. In section 3.7, the transient temperature responses are
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measured using I-L and spectral characteristics and the thermal rise time for differ­
ent devices is estimated. In section 3.8 requirements for CW operation of a laser 
device are outlined. This chapter ends with summary of main points in section 3.9.
3.2. Effect of temperature on OIC properties
Normally, the laser diode is mounted on a suitable heatsink to dissipate the 
heat energy to avoid overheating. Even if the laser diode is mounted on a heatsink, 
the active layer temperature can rise significantly above the heat sink temperature 
because of the thermal resistance of the various layers of the device. This not only 
reduces the efficiency of device, but also can have drastic effects on its operating 
characteristics such as;
1. the threshold current of the device increases from its typical value.
2. power output per facet decreases significantly.
3. peak wavelength shifts toward higher wavelengths.
4. spectral line width broadening takes place.
5. excessive heat generation leads to thermal runaway, that could destroy
laser diode or degrade the laser diode life time.
6. it puts limitation on the maximum CW operating power.
When this laser diode is integrated with other active components in an OIC, 
the above effects not only put severe limitations on the optimum performance of 
the laser diode itself but also on the response of the other components, such as the 
active waveguide optical detector and active waveguide optical amplifier. For 
example, active waveguide amplifier is tuned to one wavelength and any sudden 
change in input radiation wavelength (due to change in the source laser tempera­
ture) will change the amplification of the wanted signal and this will distort output 
signals. If the tuned wavelength of the amplifier is changed with temperature but 
the wavelength of input signals stays constant then the amplification process will
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be less affected because the amplifier usually has a broad gain spectrum. Further­
more, the rise in temperature of the laser source would physically increase the tem­
perature of the active waveguide optical amplifier as in monolithic integration 
scheme both are integrated on a same substrate. The response of the active 
waveguide optical detector may vary in a similar fashion as the response of the 
amplifier but it is the response of the lasing source which has drastic effects on the 
performance of an OIC. Therefore, it is necessary to avoid overheating of all OIC 
components but especially the integrated source. Overheating can be avoided by;
(a), using a cooling chamber,
(b). using junction down mounting techniques,
(c). using a Peltier cooling pump,
One or more methods can be used to avoid overheating.
Since the work reported in this chapter is a part of the main work on the 
light propagation characteristics of butt-coupled monolithical OIC components, the 
junction down mounting is not desirable because it is then very difficult to get 
independent electrical contacts to the various stripe electrodes of the structure. Dur­
ing the research, a hybrid approach has been used quite frequently to achieve a 
better understanding of the behaviour of the input radiation into an active 
waveguide, which needs an open optical bench. Therefore, a closed cooling 
chamber would have been impractical.
Therefore, during this work, temperature stabilization was achieved by using 
Peltier cooling pumps along with a three channel temperature controller (based on 
the temperature controller circuit of reference-1) to maintain the desired tempera­
ture without affecting the output power while the devices under investigation run 
under pulse mode to further reduce the affects of excess heat generation [2].
3.3. Power dissipation of laser diode p-n junction
When a laser source is driven with injection current, the generation of heat
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occurs in several layers, including the active region. There are a number of differ­
ent heat generation mechanisms and these are considered below. The increase in 
the power dissipation in and around the active region can cause the junction 
temperature of the active layer to increase by several degrees above the heatsink 
temperature. Although the heating effects cannot be avoided, they can be mini­
mized by careful design and by the use of an appropriate device model. This 
requires detailed study of heat sources and rate of heat generation inside a laser
diode, which could lead to the estimation of the active layer temperature.
3.3.1. Origin of heat sources
In order to find the origin of the heat sources, one has to consider the total 
input power, P^, to the laser diode. This is given by;
P i n  = V I  (3.1)




I  =  I t h + I L (3.3)
where Vth is the voltage at threshold. Ith is the threshold current AVL and IL are the
voltage and current which contributes to the laser emission. VA is defined as;
Vth=Eg + AV (3.4)
where Eg is the voltage across the junction and AV is the voltage drop other than 
the junction voltage drop. Eg is nearly equal to energy of emitted radiation, which 
is about 1.45eV for GaAs.
The relationship between V and I  is shown graphically for UB238 and UB262 
in figure 3.1. The inset of figure 3.1 shows the I-L characteristics of two lasers. 
From this figure, values of I, Ith, ID V, Vth, VL and AV can be obtained. The linear
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part of figure 3.1 can be used to calculate the series resistance of the laser and is 
defined as [3];
Rs for UB238 and UB262 is calculated as 5.25Q and 5.5£2 respectively from 
figure 3.1. The higher value of Rs represent the higher current densities per unit 
area which contributes to the overall voltage drop across the laser diode.
The total input power, P ^  can also be written as [4];
where T\in and r|D are the internal and the external quantum efficiencies respect­
ively.
First three terms of equation (3.6) represent the Joule heat or ohmic heat, the 
optical output power, PL, and the spontaneous radiation which is emitted in all 
directions. The Joule heat is consumed in the bulk of the laser diode. The sponta­
neous emission power emitted uniformly in all directions about the active layer, is 
also consumed in the bulk of the material. Thus the first three terms do not 
contribute significantly to the temperature rise of the active layer of a laser diode.
The last two terms of equation (3.6) are the main sources of heat in the 
active region of the lasing source. The fourth term may be interpreted as the lasing 
output contributed as heat energy via free carrier absorption. The last term is the 
power contributed by the nonradiative recombination in the active region. These 
two sources of heat are located in the active region and its close vicinity. There­
fore, the total input power to a laser can be defined as;
P in  ~  +  ^ i J t h E g  +  ( 1  T}D ) I LE g  +  ( 1  T \ in ) I th E g  (3.6)
(3.7)
where
P 'ac t ~  (1 BD ^ L ^ g  + (1 (3.8)
or
Pact — (1 r\D)ILEg + I thEg *niJthEg (3.9)
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Figure 3.1. V-I curve of two LD’s as a function of stripe width. Inset is showing 
the I-L characteristics of both laser diodes.
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Figure 3.2. Relationship between input power and the rate of heat generation in 
the active layer.
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where rjintIthEg term is the spontaneous emission radiation emitted in all directions. 
This term may be neglected to calculate as;
The values of the input power and the rate of heat generation in the active 
region, are calculated from figure 3.1 and are plotted in figure 3.2 against the 
total input power for UB238 and UB262. From figure 3.2, the ratio between Pm 
and Pg# for UB238 and UB262 is calculated as 53% and 58%. The higher ratio 
shows the higher rate of heat generation in the active layer which is probably due 
to the higher value of Rs (due to smaller area as result of the narrow stripe width) 
and the spreading of carriers and electromagnetic fields outside the stripe as a 
result of weak guiding in the lateral direction. In both cases, these values are close 
to the results of reference-4 which shows a ratio of about 50%.
3.3.2. Active layer temperature
The rate of heat generation in the active region in terms of the GaAs junction 
temperature is defined as;
where A7} is the saturation temperature rise of active layer at the fixed heat sink 
temperature. R,h is the thermal resistance of laser diode and for each individual 
layer it is given by the relation;
where dif Af and of are the thickness, area and the thermal conductivity of the ith 
layer, respectively. The thermal conductivity, o„ for GaAs/AlxGal xAs based com­
pounds can be calculated from the equation [5];




° £ 2.27 +28.83*-30*2
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where x  represents the A1 content.
The material which was used during the present work has a layer composition 
between the heatsink and the active layer as shown in the inset of figure 3.3. Also, 
figure 3.3 shows the contribution of each layer along with the total thermal resis­
tance as a function of stripe width. The thermal resistance of this material was 
calculated to be 140.72°C/W and 281.44°C/W for 5|im laser (UB238) and 2.5|xm 
laser (UB262) respectively. The rise in GaAs active layer temperature (above the 
heatsink temperature) for both lasers against the rate of heat generation, Pact is 
plotted in figure 3.4. The higher rise in junction temperature is due to the higher 
thermal resistance because of its smaller stripe width. This implies that the rise in 
temperature in an OIC can be avoided by increasing the thermal conductivity of 
the chip and this can be achieved by p-side down mounting [6] and by using wide 
stripe-widths to reduce the photon and carrier density.
3.4. Temperature dependence of threshold current
The excessive temperature sensitivity of the threshold current density is 
attributed to the carrier confinement, the free carrier absorption, nonradiative 
recombination and internal quantum efficiency. Although each of these parameters 
has a complex temperature variation, the complexity of these factors prevents the 
formulation of a single equation holding for all devices and temperature ranges. 
Pakove [7] has suggested an empirical expression for the homojunction GaAs laser 
which can also be applied to for the heterojunction laser i.e.;
L  = /,k(20°C)exp
f  y  'N 
¥v v
(3.14)
where Ta is a characteristic temperature parameter of the laser diode which is a 
measure of the relative temperature insensitivity of that device. Usually it is found 
to be between 80°C to 200°C for GaAs DH lasers [8]. Tc for GaAs QW lasers is 
reported to be as high as 437°C [9]. A lower value of T0 implies that the threshold 
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Schematic of layers coolribuunf to thermal resistance.
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In order to calculate the characteristic temperature of laser sources (UB238 
and UB262), the I-L characteristics were measured (using the method described in 
chapter-2) at different heatsink temperatures while the laser was operated with 
200ns current pulses to minimise internal heating of the device. The change in the 
threshold current is plotted against heatsink temperature in figure 3.5. In figure 3.6, 
Ith/Ith(20°C) plotted against heatsink temperature using the data of figure 3.5. The 
slope of each curve represents the characteristic temperatures corresponding to each 
laser. The characteristics temperature of UB238 and UB262 are calculated as 
117°C and 107°C respectively. A lower value of characteristic temperature for 
UB262 implies that the device UB262 is slightly more sensitive to temperature 
variations than UB238.
3.5. Temperature dependence of the internal quantum efficiency
The variation in the laser diode temperature effects the r|[n of a particular 
diode and this can be calculated from the temperature dependent variation of the 
threshold current The threshold current dependence of internal quantum efficiency 
can be obtained by rewriting equation (3.7) as;
Pin-(P act+IVL+PL) 
n in = ---------- — ----------- (3.15)
lthZg
where all the parameters are as defined previously.
The value of T||;I decreases with the increase of /^, which increases with tem­
perature. Consequently the effect of temperature on the internal quantum efficiency 
is shown in figure 3.7 along with the results of reference-4. The data of figure 3.7 
is calculated from figures 3.1 and 3.5 by using equations (3.1), (3.10) and (3.15). 
The rates of change of rj!n with the heatsink temperature in the case of UB238 and 
UB262 is very close to the results presented by Suyuma et al [4]. The lower value 
of Th„ for UB262 is due to a lower value of t |D as a direct consequence of increase 
in the spreading of electrical carriers and optical carriers in lateral direction due to 
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Figure 3.5. The effect of temperature rise on the threshold current of the laser 
diode as a function of stripe width.
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Figure 3.6. Characteristics temperature curves for 5\xm wide stripe laser and 
2.5\xm wide stripe laser. The slope of curve gives the value of characteristic tem­
perature for the each device.
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The total losses inside the laser cavity can be calculated by making the use of 
the temperature dependence of T|i„ and by using equations (2.52) and (3.15) pro­
vided all the parameters in equations (2.52) and (3.15) are known. By comparing 
equations (2.52) and (3.15) one can write the threshold condition of equation 
(2.48) as;
r  1 i 1
rg^ =I ^ lnR
P ' . - ( P . c, + I V l  +  P D
hkEg (3.16)
This equation can be used to calculate the required threshold gain and hence 
total internal losses of a laser diode without using the complicated and lengthy 
techniques [10-12].
By using equation (2.52) along with figure 3.7, the losses inside UB238 were 
calculated to be approximately 26.5±0.47/cm. This value is close to the loss value 
of chapter-2 measured using a different method. Similarly, the loss value for 
UB262 can be estimated from figure 3.7 at 20°C, to be approximately 28/cm. The 
increase in the value of a  is due to the two reasons; (a) an increase in free carrier 
absorption losses, since UB262 has been shown to have a higher temperature 
sensitivity than that of UB238 and (b) optical mode spreading in the lateral direc­
tion due to narrower stripe width.
3.6. Temperature dependence of spectral characteristics
In previous sections, the temperature dependent properties of different Fabry- 
Perot laser devices have been investigated by using their power dissipation char­
acteristics and the temperature dependence of the threshold current. The rise of the 
active layer temperature also has important consequences for the operating 
wavelength and this effect is used in this section to investigate the temperature 
dependence behaviour of not only the FP laser but also the other OIC components 
such as the A.R. coated optical amplifier.
For this purpose, the output spectrum of different laser devices has been
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Figure 3.7. Figure showing the temperature dependence of internal quantum effi­
ciency.
measured using a SPEX 1000 monochromator. The resolution of this monochroma­
tor was enhanced by using 0.25mm slit at the input and at the output of the mono­
chromator. An X-Y plotter was used to plot the output from the optical detector 
against wavelength at different values of heatsink temperature using the 
experimental set-up of figure 2.28. All measurements were done at a constant drive 
current of 80mA to avoid wavelength shift due to changes in the injected carrier 
density. The value of the peak emission wavelength was measured as a function of 
the heatsink temperature for UB238, UB258, UB259 and UB262 and these are 
plotted in figure 3.8.
From figure 3.8, the rate of change of peak emission wavelength with the 
heatsink temperature was calculated to be 0.245±0.014nm/degree,
0.24110.018nm/degree, 0.17310.014nm/degree and 0.19210.0lnm/degree for laser 
sources UB238 and UB262 and A.R. coated devices UB259 (two side coated 
device) and UB258 (single side coated device) respectively. These values are in 
very close agreement with the reported values of 0.245nm/degree for Fabry-Perot 
lasers [13] and 0.19nm/degree for superluminescence diodes [14]. The lower value 
of dXldT for A.R. coated devices is shown to be much smaller than that of 
uncoated devices. This shows that the A.R. coating on laser facet reduces the tem­
perature sensitivity of a device.
The observed wavelength shift towards higher wavelength with the increase in 
temperature is usually attributed to: i) the increase in the cavity length, and ii) to 
the narrowing of the bandgap.
The increase in the cavity length is expected to be relatively small for GaAs 
heterojunction lasers because of a small expansion coefficient of 5.85* 1CT6 [15,16] 
for GaAs. Therefore, one can conclude that shift in the peak emission wavelength 
is mainly due to the band gap contraction of GaAs [13]. The peak emission wave­
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Figure 3.8. Change in the peak spectral wavelength with the heatsink temperature.
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Figure 3.9 is showing the reduction in the bandgap with temperature. The 
effect of temperature on spectral characteristics of different devices is summarised 
in table 3.1 below. The values of dE/dT  in table 3.1 for the FP devices (UB238 
and UB262) are in close agreement with the reported value of 0.43meV/°C in 
reference-13.
TABLE 3.1. Table showing the rate o f change o f peak emission wavelength with











3.7. Thermal rise time
The thermal rise time is a property of a laser device which defines the heat 
capacity of that device. When a laser source is driven with a current pulse, /, 
where I>Ith, the temperature of laser chip will increase and hence the wavelength 
will change transiently before finally reaching a steady state wavelength. The 
thermal rise time of a particular laser can be evaluated from the I-L characteristics 
of a laser diode and also from the output spectrum of a laser diode. Here both 
properties have been used to estimate the thermal rise time by analysing the 
transient temperature response of different devices.
3.7.1. Transient temperature variations
The transient temperature variation (TTV) of a particular FP laser device can 
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Figure 3.9. The effect of temperature on GaAs laser diode bandgap.
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components such as the optical amplifier, there is no reported method available. 
The main purpose of this section to develop a method which could be used to 
calculate the transient temperature response of all active OIC components.
3.7.1.1. TTV evaluated from I-L characteristics
Suppose a laser diode is driven with a constant amplitude pulse and the 
optical output power is detected by a detector. Assume that the maximum output 
which corresponds to the lowest temperature, T, is PL at some instant of time, t, as 
shown in figure 3.10(a). Also suppose after a time interval, At, the temperature has 
increased by AT and the optical output power has reduced by APL. The effective 
threshold current at this instant of time will have shifted to a higher current, 
(fth+AI), as shown in figure 3.10(b) (assuming the change in T|d is insignificant 
[4] and it is evident from figure 3.5). The rise in threshold current at that instant 
of time along the pulse corresponds to a temperature rise. The rise in temperature 
along the current pulse can be calculated by rewriting the equation (3.14) as;
A/,*
AT = T In 1 + (3.18)
Ith(20°C)
The I-L characteristics at different instants of time along the 200ns pulse have 
been measured for UB238 and UB262 while the heatsink temperature was kept at 
20°C. The change in the threshold current along the pulse is shown in figure 3.11. 
A dip at initial stages can be seen. Initially, Ith increases slowly. After a certain 
time, the temperature begins to increase much faster due to the heat generated in 
the active region penetrating into other layers and to the heatsink. This rise in the 
threshold current finally begins to saturate after 40-50ns to its saturation value. 
This change in the threshold current at the different interval of time corresponds to 
an equivalent temperature rise and the rise in temperature is calculated along the 
pulse using equation (3.18). The calculated values of AT are plotted against time in 









Figure 3.10. The effect of temperature rise on the laser output; (a) variation in the 
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Figure 3.12. The transient temperature response of UB238 and UB262 evaluated 
from I-L characteristics.
TIM Et+At
Figure 3.13. Schematic representation of the effect of temperature rise on peak 
emission wavelength along the pulse.
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3.7.1.2. Evaluation of TTV from the spectral characteristics
The transient temperature variation was analysed in section 3.7.1.1. using the 
I-L characteristic for FP lasers as a function of stripe width. The transient 
temperature variation of the laser can also be evaluated by analysing the change in 
the spectrum of the laser device along the 200ns current pulse since the tempera­
ture increases along the pulse and the peak emission wavelength shifts towards 
higher wavelengths as shematically shown in figure 3.13. It is also possible to 
draw the transient temperature response of non-lasing devices (such as A.R. Coated 
devices) using the output spectral characteristics.
The effect of temperature on the spectrum of the device output was measured 
using the experimental set-up of figure 2.28 at a heatsink temperature of 20°C for 
the 200ns pulse for UB238, UB262, UB259 and UB258 by sampling the output 
from the monocromator along the pulse. Figure 3.14 shows the variation of the 
spectral peak along the 200ns pulse for these devices. The transient variation of 
peak wavelength is very similar to the transient variation in threshold current. 
These variations are calibrated to temperature rise, AT, by plotting the transient 
temperature variation for UB238 and UB262 evaluated from I-L characteristics (of 
section 3.7.1.1) and spectral characteristics in figure 3.14. Figure 3.15 finally gives 
the transient temperature variation curves for all four devices on a calibrated scale.
3.7.2. Calculation of thermal rise time
Because of the high thermal resistance of the different layers between the 
copper block and the active region, and also due to the heat capacity of copper 
block, the transient temperature response tends to vary exponentially above the 
heatsink temperature till reaching the steady-state with a single predominant time 
constant. Transient temperature rise for a copper block is defined as [18];
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Figure 3.14. The transient temperature response of UB238, UB262, UB259 and 
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Figure 3.15. Comparison between transient temperature response evaluated from 
I-L and spectral characteristics.
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(a) iv
where Tr is the reference temperature (which is 20°C in our case), Tm is steady- 
state value of temperature rise, t is the time along the pulse and x is the thermal 
rise time .
Equation (3.19) can be re-written as;
In figure 3.16, is plotted against time along the pulse. The slope of
each curve gives the thermal rise time of that particular device. Thermal rise times 
are calculated as 86ns, 90ns, 72ns and 77ns for UB238, UB262, UB259 and 
UB258 respectively. 200nS pulses, which are used throughout this chapter, are 
sufficiently long to achieve a steady-state output by sampling at the end of pulses 
being injected to the devices. The difference in thermal rise time indicates that the 
different devices have slightly different temperature dependent behaviour. It is 
interesting to note that the thermal time constant decreases with the A.R. coating.
3.8. Requirement for CW operation
Even though, during the work reported in this thesis all laser devices were 
run under pulse mode in order to avoid the excess heating, the active layer tem­
perature raised significantly above the heatsink temperature. This can place limita­
tions on the maximum CW output power not only for that particular device but 
also for other devices which might be integrated on same substrate. If an attempt 
is made to operate that device continuously then the operating current needs to be 
increased as Ith is increased with temperature. In this section, the expected tempera­
ture rise of devices operating under CW conditions are extrapolated from the 
transient results.
l _ m - r L
(3.20)
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Figure 3.16. The extension of thermal step (transient temperature) response 
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Figure 3.17. Thermal rise time calculation curve for different devices.
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Whether the device is running in pulse mode or CW, three quantities are 
needed to be considered very carefully. These quantities are the threshold current, 
maximum heatsink temperature and junction temperature. For CW operation they 
are defined as [19];
where Ithc is the threshold current in CW mode, is the heatsink temperature 
(above the ambient temperature) for CW operation, ATjc is the rise in junction tem­
perature for CW operation and Ta is the ambient temperature.
By looking at figure 3.4, it can be seen that UB238 and UB262 were safely 
operated at 15°C and 27°C above the heatsink temperature (20°C). If this value is 
considered as a safe value for CW operation, then 1^  for UB238 and UB262 
comes out to be 65.84mA and 62.85mA and required heat sink temperature, Thc, 
calculated as 243°K and 254°K for UB238 and UB262 respectively.
The calculated value of the heatsink temperature makes it a bit risky to use 
the device under investigation in CW mode because it is very difficult to maintain 
that range of low temperature by using the temperature controller which is used in 
this work. On the other hand, the required heatsink temperature can be increased 
by decreasing the threshold current (pulse or CW both), electrical series resistance 
and by reducing the thermal resistance. The characteristic temperature can be 
increased by improving the material quality (by growing defect free material), by 
using a quantum well structure or by increasing the A1 content in the active layer. 
Ith can be reduced by controlling the spreading of carrier in lateral direction. The
(3.22)







electrical series resistance can be reduced to 2Q [20] by reducing the contact resis­
tance. The thermal resistance can be minimized by increasing the stripe width or 
junction down mounting.
3.9. Summary
In this chapter, the temperature dependence properties of OIC components 
have been investigated by using a three channel temperature controller which was 
developed during the work reported in this thesis.
The origin of heat sources inside a semiconductor laser diode has been dis­
cussed and the rate of heat dissipation, found to be around half of the input 
power, P^. The active layer temperature above the heatsink temperature has been 
estimated by using the rate of power dissipation in the active layer and thermal 
resistance. The active layer temperature was found to be higher than that of the 
heatsink block which saturates along the current pulse and found to be dependent 
upon the stripe width.
The temperature dependence of the threshold current has been analysed and 
the characteristic temperature for UB238 and UB262 have been measured by using 
the family of I-L characteristics at different heatsink temperatures. By using the 
output power dissipation and temperature dependence the threshold current char­
acteristics, a novel, non-destructive loss measurement technique has been demon­
strated. The validity of this novel loss measurement technique was achieved by 
comparing the result obtained using this technique with that was obtained in 
chapter 2 (using a length dependent loss measurement technique [10]). This tech­
nique was further validated by measuring internal losses of 2.5|im wide stripe 
laser, UB262. The measured value for internal losses for 5\xm and 2.5|xm wide 
stripe lasers were found to be close to each other, which justify the ignorance of 
optical mode spreading in the lateral direction while calculating T. The value of a  
obtained in this chapter will be used later in chapter 5 to measure the unsaturated 
local gain of an amplifier.
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The effect of temperature on the spectral characteristics were also investigated 
and the transient change in the peak emission wavelength with temperature has 
been calculated from output spectrum at different temperatures for several devices. 
The contraction of bandgap was felt to be the main reason for the change in the 
peak emission wavelength with temperature. The change in the peak emission 
wavelength will be used in for wavelength calibration of the active waveguide 
optical detector (chapters 4) and to achieve wavelength tuning of input radiation 
with the amplifier intrinsic wavelength (chapters 5 and 6).
The transient temperature variation of different FP devices has been evaluated 
from their I-L characteristics and spectral characteristics. The spectral characteris­
tics were also used to evaluate the transient temperature variations of A.R. coated 
amplifiers. By comparing the transient temperature variation evaluated from I-L 
and spectral characteristics for FP devices, a new technique for the measurement of 
thermal rise time was developed and by using this technique, the thermal rise time 
of an A.R. coated optical amplifier was calculated. It is believed that this is the 
first time that the technique has been used for an optical amplifier. The maximum 
value of thermal rise time was achieved as 90nS and 200nS biasing pulses are 
expected to be long enough to achieve stable output. Therefore, through out the 
work reported in this thesis, 200nS pulses are used to run laser source and output 
is sampled at the end of the pulse to achieve steady-state output.
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Chapter-4
Optical radiation detection properties of 
active waveguide optical detectors
4.1. Introduction
The optical detector is an essential component of OIC and optical fibre com­
munication systems as it ultimately limits the overall system performance. Semi­
conductor p-n junction devices are widely used for the detection of optical 
radiation. As direct modulation bandwidth reaches 30 GHz [1], the need of a 
photodetector with high speed and high quantum efficiency, becomes more press­
ing. Although the speed of the Schottky-barrier and the GaAs Schottky photodetec­
tors has reached 100 GHz [2] and 58 GHz [3] respectively, these speeds place 
severe limitations on the quantum efficiencies of the diodes and values as low as 
5% have been recorded at these modulation rates. Furthermore, if a structure is 
designed for monolithic OIC circuit, then it must be a thin layer structure which 
must be compatible with other optical and electronic components. Bearing this idea 
in mind, monolithic and discrete laser-like structures are used as detectors in this 
chapter. This chapter serves a dual purpose. On the one hand, the theory and char­
acteristic performance of the waveguide detector as an active component for OIC 
is presented. On the other hand, a reliable alignment technique for the alignment of 
discrete active optical components is developed to compare the results of the 
monolithic detector with that of the hybrid one.
As the active waveguide optical detector shares the same operating mechan­
ism with that of conventional photodetectors, the investigation initially highlights 
the basic operating principle of an optical detector in section 4.2. Section 4.3 lists
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the main advantages and properties of an active waveguide optical detector 
(AWOD) over the conventional optical detector. Section 4.4 through section 4.6, 
outline the basic theoretical background and discuss the main limitations of the 
waveguide detector. Section 4.7 provides the main core of the experimental results 
using monolithic and hybrid approaches. This section also provides a detailed 
investigation on the optical flux leakage process through active components. The 
main points from this chapter are summarised in section 4.8.
4.2. General operating principle of optical detector
A photodiode is capable of detecting radiation with photon energy hv> E g, 
where Eg is the energy gap of the semiconductor and h \  is the energy of the 
incoming photons. When the junction is reverse biased (figure 4.1), the electric 
field develops across the -junction and creates depletion regions on either side of 
the junction, which prevents the majority carriers from crossing the junction. How­
ever, the field accelerates the minority carriers from both sides to the opposite 
sides of the junction forming the leakage current of the diode.
When a photon is incident in or near the depletion region with energy 
h \>  Eg, it will excite an electron from the valance band into the conduction band , 
thus creating an electron-hole pair. If the incoming photon is absorbed at point ‘A’, 
it will create a hole and free an electron. If this takes place within the diffusion 
length of depletion region, the electron with higher probability will reach the layer 
boundary and will contribute a moving charge of e to the external field. This 
induces a displacement current in the external circuit until the electron reaches the 
neutral region. If the photon is absorbed at point *C , a hole will contribute a 
charge e to the external circuit The photon may also be absorbed at point ‘ZT, in 
this case, both the electron and hole drift to opposite sides of the depletion region. 
Each carrier transverses less distance than that of a full junction width. The last 
process is more desirable in practice since each photon absorption gives rise to a 
charge e and the delayed current response caused by the finite transit time across
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Figure 4.2. Schematic diagram showing the operation of a p in  photodiode; (a) 
cross-sectional view, (b) energy band diagram under reverse bias and (c) carrier 
generation characteristic [4].
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the depletion region is reduced. To reduce the transit time, the carriers must drift 
at a very high rate. This requires that the field in the drift region is very high. In 
order to give a near uniform field in the drift region, it is usual to grow a intrinsic 
layer between the p  and n regions. This also prevents premature reverse breakdown 
of the diode.
The basic detection process in a reversed biased pin photodiode along with 
energy band diagram and carrier generation characteristics is shown in figure 4.2. 
For this detector, the ultimate limit for the response time is defined by the transit 
time of photogenerated carriers. Any attempt to minimize the transit time by mini­
mizing the depletion layer width would result in reduction in radiation absorption, 
hence reducing the detector quantum efficiency. This problem is more severe in 
direct bandgap semiconductor like GaAs which have low absorption coefficient. 
There are two approaches to overcome this limitation [5];
1. Multiple reflection structure,
2. Edge-illumination structure.
Both involve making the optical path length longer than the diode depletion 
region in order to allow the incident light to absorb completely. The latter 
approach could be applied to laser structure (monolithic or discrete) by applying 
reverse bias voltage to use it as waveguide photodetector to detect optical radiation
[6] while the incident radiation falls perpendicularly to the junction.
4.3. Advantages of the waveguide photodetector
The waveguide photodetector has several advantages over the conventional 
photodetector, discussed above; namely:
1. High speed and high efficiency can be achieved at zero bias [3,7,8]
because the direction of incident radiation and carrier collection are normal to
each other.
2. The zero bias operation not only offers circuit simplicity but also makes
the dark noise negligible which help to improve signal to noise ratio [8,9].
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3. It can be used as frequency multiplexer and demultiplexer by tuning it to a 
particular wavelength [10].
4. Finally, these detectors have a similar structure to a laser and hence they 
are relatively easy to integrate into complex OIC’s.
4.4. Responsivity of the active waveguide optical detector
In a conventional photodetector under steady-state conditions, the total current 
density through the reverse biased junction is given by [11];
J,o, =hr+Jm  (4.1)
where is the drift current density due to carriers generated inside the depletion 
region and Jdiff is the diffusion current density due to carriers generated outside the 
depletion layer.
A semiconductor laser structure under reverse bias or zero bias conditions can 
act as an active waveguide optical detector (AWOD). In the AWOD, the adjacent 
layers consist of wider bandgap material and only contribute to the photocurrent if 
the low energy tail exists in the absorption profile. Moreover, in the OIC, the light 
source is expected to be of a same material and would have an energy close to or 
equal to the bandgap energy of the AWOD. Therefore the total current density in 
AWOD can be obtained as;
J t o t = J dr = - e [ G(x)dx (4.2)
Jo
where G(x) is hole-electron pair generation rate. Referring to figure 4.2c it is given 
by [11];
G(x) = TaPin exp(-ccc) (4.3)
where Pin is the total incident photon flux, L is the length of the detector and a  is 
the total absorption losses.
When a laser diode is used as the source of optical power, there are three 
contributors to the laser losses as described in section 2.3.4. But when the laser
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diode is used as a photodiode, the total losses inside an active waveguide take the 
form [9];
a  = ra /c + ( l - r ) a /c+ a ,+ r a il, (4.4)
Here a term for interband absorption, a ib, is included because the photodetec­
tor response depends on the band-to-band absorption, where as laser emission 
usually involves band-to-accepter transitions [12]. Equation (4.4) can be simplified 
using the arguments of section 2.3.4 to;
a  = r a /e + r a ,fc (4.5)
The effect of free carrier losses in the active waveguide photodetector can be 
neglected because the active region has non or very low doping concentration and 
the response of a photodiode depends upon band-to-band absorption. Finally for a 
semiconductor waveguide detector one can write;
a  = r a li, (4.6)
Usually the photo sensitive region is small and it is difficult to couple the 
optical radiation efficiently into the device. Furthermore, due to the finite facet 
reflectance of a semiconductor laser photodetector, a significant fraction of light 
will be reflected at the surface. The quantity which defines the fraction of incident 
photons which are absorbed and generate the photo-current is called the differential 
quantum efficiency and given as [13];
r| = ^ ( l- /? ) ( i-e-ro'»1) (4.7)
where R is the facet reflectivity.
By making a simplifying assumption that the factor E, (which represents the 
fraction of electron-hole pair that successfully contribute to the useful photocurrent) 
is equal to unity, equation (4.7) can be written as;
T1 = ( l - * ) ( i _ <f r“'*t) (4.8)
It is clear from equation (4.8) that by reducing the facet reflectance of the 
end facet, the quantum efficiency can be increased and this is normally achieved 
by applying an A.R. coating on the facet The quantum efficiency can also be
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increased by increasing the length of the device but a device length of 30\im has 
been used successfully [7]. Clearly, for a waveguide detector such as this device, 
lengths of 100-300|im are not impractical.
The expression of equation (4.8) for the quantum efficiency does not involve 
photon energy and therefore, the term responsivity, %l is often of more use when 
characterising the performance of a photodetector and is defined as;
«  = (4.9)he
where c is the speed of light in air, h is the Plank’s constant and X is the wave­
length of incident radiation.
4.5. High frequency response of AWOD
One of the major consideration of the active waveguide optical detector is the 
ability to respond to transient variations in incident radiation. In general, a time 
varying incident optical radiation, PJt), generates a time varying current iph(t) and 
produces a time varying voltage v(t) at the load RL. The frequency response of a 
photodetector will be limited by;
1. The transit time of the photogenerated carriers across the depletion region.
2. The diffusion time of carriers generated out of the depletion region to dif­
fuse into the depletion region.
3. Charge trapping at the heterojunction.
4. Parasitic capacitance effects.
Empirically, the frequency response of a photodiode at the load is given by;
V0Jco) = Jph(co).T(co).F(co).C(co) (4.10)
where V^ Xco) is the output across RL. T(co), D(co), F(co) and C(co) are contributions 
to the frequency response from the transit time, the diffusion current, the electrical 
circuit response and the charge trapping at heterojunction respectively. Iph(a>) is 
the photogenerated current and given by;
/„„(«) = „(CD) (4.11)
128
where Pin(w) is the input power to the detector.
4.5.1. Transit time
Transit time is generally associated with the thickness of depletion region and 
in the active waveguide photodetector depletion layer is generally very small when 
compared with the conventional photodetector. This is a particular advantage of the 
active waveguide photodetector over the conventional one. This very thin depletion 
layer makes the transit time of active waveguide photodetector very short which is 
given by;
where x is the transient time, d3 is the thickness of active region and vs is the satu­
ration drift velocity. For GaAs the value of saturation drift velocity is 107cm/s 
[14].
For the typical value of d3=Q.\5\im, x is calculated as 1.5ps. This value is 
very small when compared with time constant associated with electrical elements 
(which will be discussed below).
4.5.2. Diffusion time
In the AWOD, the depletion layer is surrounded with wider energy gap 
material. The diffusion time of the photogenerated carriers generated outside the 
depletion region can only be estimated when the thickness of depletion layer is 
known. It is given by considering the one side adrupted junction and a depletion 
region entirely inside the active layer, as [11];
w =
r2ere0(VD- V ) '
(4.13)
e N D
where 8r is the dielectric constant of intrinsic layer, ec is the free-space permitivity, 
Nd is the impurity concentration in intrinsic layer, VD is the diffusion potential of 
the junction and V is the applied voltage. Using typical values (er=10.9 [15],
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Vjy=\.6V and Ak=1017/cm), w is calculated as 0.145|i/n. As this value is nearly 
equal to the active layer thickness of 0.15 \im, the time delay caused by diffusion 
current is expected to be smaller than the transit time.
4.5.3. Charge trapping
In conventional photodetectors, hole trapping at the p  side of the heterojunc­
tion interface, as shown in figure 4.3 places greater speed limitations on the speed 
than the case of electron trapping on the n side of the heterojunction interface due 
to the higher effective mass of hole [16]. Under the influence of high electric 
fields, carriers (both electrons and holes) gain higher mobilities and may be swept 
over the well without being trapped. Since the AWOD is usually doped and due to 
the thin depletion layer, the electric field is expected to be very high (in our case 
around 100 KV/cm). Therefore, the charge trapping is expected to be less severe in 
the AWOD than the conventional photodetector.
4.5.4. Contribution of parasitic electrical elements
Figure 4.4a shows a normal biasing arrangement for a zero-bias detector with 
output signals fed to a load. If the photodiode is represented by the equivalent cir­
cuit of figure 4.4b, then figure 4.4a can be replaced by figure 4.4c. In figure 4.4, 
Cj and Cp are the junction and parasitic capacitance respectively. Rr Rs and RB are 
the diode incremental, series resistance and bias resistances respectively.
Figure 4.4c can represented by a simplified figure 4.4d, if one makes the sim­
plifying assumption, which is true in most of the cases that [17];
and then lump the shunt components together. Usually 1 /R{ is much smaller than 
l/RL, therefore;
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Figure 4.4. Circuit arrangement used to investigate the effect of circuit elements 
on the frequency response of the AWOD; (a) normal biasing circuit, (b) AWOD 
equivalent circuit, (c) complete circuit and (d) the equivalent circuit of (c).
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here R is the total resistance of electrical circuit
For high speed operation, it is necessary to minimize the total capacitance of 
device. The total capacitance of circuit can be given as;
C = Cj + Cp (4.15a)
Junction capacitances of the order of 2.5pF are typical [9]. The typical value 
of Cp is of the order of 0.2 -0.5pF  [18] and are expected to have less significant 
effect on the frequency response of AWOD. Therefore, equation (4.15a) is reduced 
to;
C = Cj (4.15ft)
The frequency limitation arising from the electrical parasitic element can be 
written as;
f ( ( 0) = T T 7 ^ c  (4 1 6 )
Equation (4.10) can be written as;
V_(«d) = * P J » ) { i ^ }  (4.17)
The circuit time constant is equal to RC and equation (4.17) tells the main
delay cause by the RC time constant of the external circuit. The typical value of R 
is usually 50Q for the external circuit. For a good frequency response, it is essen­
tial to keep C as low as possible. The external load limited bandwidth of a active 
waveguide photodetector can be estimated by a simple equation [19];
= (4.18)
4.6. Noise considerations
The contributing sources of noise in the active waveguide optical detector are 
essentially the same as they are in a conventional photodiode and these are 
inherent in every radiation detection process. The main sources of noise which 
must be considered are shot noise and thermal noise.
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The random generation of charge carriers due to the random absorption of 
photons, which give the random fluctuations of photocurrent, is referred to as shot 
noise and can be expressed in the form of a mean square shot noise current as;
< hhot >=2,eI'B (4.19)
where B is the bandwidth and / '  is the average photodetector current.
Shot noise consists of three components as describe below;
1. Shot noise associated with signal current (Iph).
2. Dark current (Id).
3. Background Current (Ib).
Thus equation (4.17) can be re-written as;
< iL> = 2e(Iph+IJ+Ib)B (4.20)
Because of the miniature structure of the AWOD, the effects of stray back­
ground light will be negligible. Therefore, equation (4.20) is reduced to;
< 4 ,  >=2e (/„ ,+ /, )B (4.21)
The measurements of the reverse bias dark current for waveguide detectors
have been performed by Alping et al [9]. The result of that measurements are
shown in figure 4.5. The contribution of the dark current in different devices vary 
from O.lnA to InA at 0V. However, if 50Q load is used at the output, then the 
dark noise will be dominated by the thermal noise of the load resistor for a dark 
current up to IOOjjA [9]. Therefore, in most applications it is possible to neglect 
the dark current contribution.
In an electronic circuit any resistance gives rise to the system noise due to 
the random thermal motion of charge carriers and this source of noise usually 
called thermal or Johnson noise. In the detector circuit the noise is generated in the 
bias resistor, RL, and has a mean square value of;
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Figure 4.5. Dark current as a function of reverse bias voltage for different GaAlAs 
waveguide detectors; (a) channeled-substrate planar, (b) transverse junction stripe 
and (c) buried heterostructure/buried optical guide [9],
135
The term which describes the contribution of total noise in output current is 





In this section, the different characteristics of an AWOD are investigated 
experimentally using monolithic and hybrid configurations. Also in this section, 
leakage of optical flux in OIC components is justified and the sources of leakage 
are originated.
4.7.1. Monolithic approach
A four segment laser device, UB136 (figure 1.4), was used to investigate the 
optical radiation detection properties of a monolithic integrated AWOD. The elec­
trical resistance between segments A and B and between C and D was relatively 
low (i.e. 4.35^0). But the resistance between opposite stripes (i.e. between 
segments A and D and B and C) was around 2.79AZO. Any of the segments of 
this device could be used as a detector and during the investigation of the mono­
lithic AWOD, all four segments were used as the AWOD while the opposite seg­
ment was used as the optical source.
4.7.1.1. Responsivity of the monolithic integrated AWOD
Figure 4.6 shows the experimental set-up used to investigate monolithic 
AWOD response. The investigation began using UB136A as the source. The output 
of UB136A was measured at the front facet for different values of pumping cur­
rents. The response of the monolithically integrated GaAs AWOD was measured 
in the photoconductive mode at zero bias condition using the circuit of figure 4.7. 
The optical radiation at the back facet of UB136 was also detected and it was 
assumed that this must represent the leakage of optical flux through the AlGaAs 
layers above and below the active layer of the detector. Optical flux leakage will
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Figure 4.6. The schematic representation of the experimental set-up for the charac­









Figure 4.7. GaAs AWOD output measuring circuit.
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be discussed more fully in section 4.7.3. The response of UB136C and UB136D 
both acting as the GaAs integrated AWOD’s in parallel was also subjected to 
optical radiation from UB136A which acted as the optical source. Figure 4.8 shows 
the I-L characteristics of UB136A measured using a calibrated large area Si 
detector (LAD) at the front facet (curve ‘b’) and the monolithically integrated 
AWOD at the etched facet (curve ‘a’). Figure 4.8 also shows the effective input 
power to the GaAs detector (curve 'c’) which is obtained by correcting the output 
of UB136A measured to take into account light which is not coupled into active 
layer of the detector by subtracting the light leaking from the AWOD back facet 
(curve ‘d’). In figure 4.8, at the lower values of source drive current corresponding 
to relatively low optical input powers, the response of the GaAs AWOD is higher 
than that of Si LAD, but at the higher values of optical input to detectors, LAD 
response is higher than the GaAs AWOD. The same experimental procedure was 
repeated for UB136D as the source and UB136A or UB136B as the AWOD. Fig­
ure 4.9 shows I-L characteristics of UB136D measured by using LAD and the 
GaAs AWOD. The response of UB136A or UB136B and UB136C or UB136D as 
AWODs is plotted in figure 4.10 along with the results of reference-20 and 21 
(curve a, b, c and d respectively). Curves ‘a’ and ‘b’ both show a higher response 
at the lower value of input power. Similar effect can be seen in the results of 
reference-21 (curve d). In figure 4.10, the response of UB136C or UB136D (curve 
a) also becomes saturated at the higher values of input power. This saturation 
effect is less prominent in the case of UB136A or UB136B while used as AWOD 
(curve b).
There are a number of reasons for this saturation. One possible reason is that 
as the optical source current is increased the optical output power increases and the 
spectrum shifts to shorter wavelength. However, the responsivity of the photodetec­
tor decreases at shorter wavelengths. A second possible reason is that at high pho­
ton densities, the rate of production of carriers is such that the local electric field 
in the vicinity of the carriers fall. This is common in conventional photodetectors,
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Figure 4.8. The I-L characteristics of UB136A using the LAD and UB136C or 
UB136D as the monolithic AWOD.
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Figure 4.9. The I-L characteristics of UB136C and UB136D using the LAD and 
UB136A or UB136B as the monolithic AWOD.
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Figure 4.10. The response of different monolithic AWODs.
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Figure 4.11. Comparison between saturation effect in different monolithic inte­
grated AWODs.
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and because of the very small cross-sectional area of the waveguide detector (0.15 
to 5|i/n) and the excellent coupling efficiency might be a similar problem for the 
AWOD.
The saturation of output of the GaAs detector could also be due to the 
non-vertical geometry of the etched facets. Saturation effects have not been seen 
when segment A or segment B were used as detector and when they were sub­
jected to a input from segment C or segment D. It was thought that probably out­
puts from laser segments C or D were not high enough to cause the saturation of 
UB136A or UB136B when they were used as AWOD. To check this, a higher 
optical input to segment A or B was obtained by pumping both UB136C and 
UB136D simultaneously. The response of the monolithic integrated GaAs AWOD 
(segment A or B) versus input to UB136A or UB136B along with the response of 
UB136C or UB136D as monolithic integrated GaAs AWOD is shown in figure 
4.11. In figure 4.11, a higher response of UB136A when used as an AWOD was 
obtained at the lower value of input power to the AWOD. But at the higher values 
of input to AWOD, curve ‘a’ in figure 4.11 clearly shows the output saturations 
whereas curve ‘b’ does not saturate. If the saturation effect is entirely due to the 
small detection area, then saturation would have been seen in curve ‘b’ in figure 
4.11 as well. From this evidence it was felt that some of the facets were not verti­
cal and this was reducing the effective input power coupled into that detector.
From figure 4.10, an average responsivity figure (by fitting a best-fit, by using 
least square curve fitting technique (curve ‘e’)) for the monolithic AWOD is 
obtained as 36±2mA/W. Whereas the curves taken from references 20 and 21 give 
the responsivity to be 615mAAV and 5mAAV, respectively. In both cases a single 
stripe tandem geometry device was used. The responsivity value of 615mAAV 
looks rather high when one considers the angle of beam divergence inside the 
etched gap and it is probably due to electrical connection through the p -type cladd­
ing layer between two stripes which caused direct leakage of current from the laser 
segment to the detector segment. The responsivity value of 5mAAV, which is taken
141
from reference-21 is very low because the gap between two stripes was 20jjm  and 
a coupling efficiency of only 1% was achieved. In our case a reduction in etched 
gap has increased the coupling efficiency and hence the response of the AWOD 
has increased as well. Therefore, the responsivity figure of 36mA/W looks quite 
reasonable.
4.7.2. Hybrid approach
In the last sub-section, the active waveguide was successfully used as a 
monolithic AWOD. However, the saturation of the AWOD output and poor coupl­
ing efficiency has prevented the main characteristics of this detector, such as the 
response of the detector, wavelength dependent response and high frequency 
response from being measured with the available equipment. In order to have a 
better understanding of the main light detection properties of the AWOD, a hybrid 
approach, where device configuration can be optimised, is used in the following 
section.
4.7.2.I. Alignment of different optical components
The hybrid OIC is an alternative to the monolithic OIC, where several optical 
components are fabricated on different substrates and then joined together. The 
major advantage of the hybrid approach is that the performance of each component 
can be optimised according to the particular application. However, hybrid integra­
tion suffers severely from poor coupling of the light from one component to 
another. Normally, an optical lens system and a tapered fibre are used to couple 
the light, but the butt-coupling technique has also been proposed [22].
In the butt-coupling technique, the two components have to be very close to 
each other otherwise the technique suffers from beam divergence. If two compo­
nents are placed very close to each other, temperature effects which cause the 
expansion of material cannot be ignored. This could cause damage to facets of 
device being investigated. Additionally, it becomes very difficult to isolate the laser
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source from reflection from the detector.
The tapered fibre technique also suffers from relatively high coupling losses 
of optical radiation. But this technique has a reasonably large working distance and 
offers safety to the optical components from accidental facet damage.
In both techniques, the alignment of different components is difficult, time 
consuming and may not be reliable. In this section a novel, reliable and easy align­
ment technique for the alignment of active components is demonstrated by making 
the use of the optical radiation detection property of a laser diode. Devices UB238 
and UB262 are used as the source laser and the AWOD respectively. In order to 
achieve the maximum coupling efficiency, optical lenses were used to couple the 
light from the source laser to AWOD as shown in figure 4.12 although a tapered 
fibre could have been used. The maximum coupling efficiency between the input 
from the source laser to the AWOD can be achieved when the diameter of the 
focussed light beam is at a minimum. The minimum spot size of the input light 
beam through the lens is determined by the diffraction limit of input signal and 
given by;
Anin= 1.22A.0/2JVA (4.24)
where Xa is the wavelength of input radiation and NA is the numerical aperture.
Although an x40 with a large numerical aperture of the lens would have 
given a smaller spot size it would have placed a large limitation on the working 
distance which is desirable in the most of applications. Therefore, a x20 lens with 
AA=0.45 was used which could give the minimum spot size of 1.165pm at 
A,o=860nm.
Referring to figure 4.12, first the AWOD (UB262) being investigated was 
aligned with the camera through lens-3 by using it as a light source and then it 
was pulled down to provide the optical path to the input beam from the source 
laser such that the source laser could be aligned with the camera. After aligning 
the source laser with the camera through the optical system, the AWOD was 
brought back to its original position in such a way that it was obstructing the
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Figure 4.12. The schematic representation of the experimental set-up for the char­
acterisation of the hybrid integrated AWOD.
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Figure 4.13. The temperature dependence of the alignment of optical components.
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optical path of the source laser. At that point, switch Sx in figure 4.7 was changed 
over to detect the optical radiation falling on the AWOD surface. By manipulating 
the position of the source laser, via lens-1 and lens-2 and observing the near field 
beam profile of the source laser on the camera, a slight response of the AWOD 
was observed which was maximized by repositioning of input beam on to the 
AWOD input facet. This maximum output of the GaAs AWOD represents the 
maximum alignment between two components. This was checked by using the 
source laser as the AWOD and UB262 as a source laser. The response of UB238 
as the AWOD was found to be maximum at a point where the response of UB262 
as the AWOD was found maximum described earlier. After achieving optimum 
alignment, it was easy to keep this alignment even though this alignment was 
found very sensitive to the input beam focussing point, because any change in 
position of any of the lens or the laser source was causing the focussing point to 
shift from maximum alignment position. But it was always easy to check the 
alignment by looking at the output of the AWOD.
4.7.2.I.I. Temperature dependence of alignment
The alignment technique explained above, was found to be very sensitive to 
temperature variations because any change in temperature changes the length of the 
AWOD and hence a shift in position of the AWOD facet. Figure 4.13 shows the 
effect of this temperature change on the coupling efficiency. This curve was 
measured in following manner. First, the system was aligned at the source laser 
and AWOD at an ambient temperature of 20°C. After achieving the best possible 
alignment between the source laser and the AWOD, the temperature of the AWOD 
was reduced to 15°C. At this point the degree of alignment was found to be at a 
minimum and point A in figure 4.13 represents this alignment The temperature of 
the AWOD was again increased to 20°C and point B represents the output of the 
AWOD at that instance of time. The temperature of the AWOD was further 
increased to 26°C and the response of the AWOD was again measured to be at its
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lowest (point C). To check the effect of temperature variation on the alignment, 
the temperature of the AWOD was brought back to the original value of 20°C and 
nearly the same output from the AWOD was achieved as at point B and this is 
represented by point D in figure 4.13.
The temperature dependence of the alignment can be explained by consider­
ing the temperature dependence of the cavity length which affects the position of 
the facet relative to the lens. At point A, due to decrease in the source temperature, 
the effective length of the laser cavity was decreased and the incoming light beam 
was focused in front of the input facet of the AWOD. At point C it was focused 
beyond the input facet of UB262 due to a increase in effective cavity length. 
Whereas at point B and point D, the system was aligned and the input beam was 
focused at the input facet of the AWOD.
4.7.2.2. Response of the hybrid integrated AWOD
The response of the hybrid integrated AWOD has been measured using the 
experimental set-up of figure 4.12. For this experiment a LAD was used instead of 
the infrared camera at the back facet of the AWOD. The total input to the AWOD 
was measured by plotting the I-L characteristic of the source laser at lens-2 using 
the large area detector and this was considered as total input to the AWOD. Then 
the AWOD was aligned with the source laser and I-L characteristic was again 
measured at the back facet of the AWOD and this was considered as the leakage 
of optical flux. The I-L characteristic of UB238 was also measured using UB262 
as the AWOD. The results are shown in figure 4.14. The net input to the AWOD 
is also shown in figure 4.14 which was obtained by correcting the total input to 
take account of optical flux which does not couple into the active layer of the 
AWOD but propagates through the transparent AlGaAs cladding layers.
The same experimental procedure was repeated using a 5\im wide stripe laser 
instead of UB262 as the AWOD. Figure 4.15 shows the hybrid integrated AWOD 
response as a function of the stripe width. This was achieved by plotting the net
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Figure 4.15. The response of the GaAs AWOD as a function of the stripe width.
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input to the AWOD versus the response of the AWOD. It can be seen from figure 
4.15 that changes in the stripe width does not have much effect on the response of 
the GaAs hybrid integrated AWOD. This is to be expected because the minimum 
achievable spot size achieved by lens-2 is around 1.165pm (equation (4.25)). This 
is much smaller than the stripe width of 2.5pm or 5pm. From figure 4.15, the 
responsivity of the GaAs AWOD was calculated as 0.23±0.02A/W. This value 
agrees with reported values in references-9 and 23. Using equation (4.9), the quan­
tum efficiency is calculated as 33.9±2.8%.
Generally, the responsivity of a detector can be improved by increasing the 
thickness of the intrinsic layer. In order to look at the effect of intrinsic layer 
thickness on the response of the GaAs AWOD, a 250pm long laser device UB231 
was fabricated. This device has a specially thick 0.5pm active layer. Figure 4.16 
shows the response of the GaAs AWOD as a function of the active layer thick­
ness. The increase in the responsivity of the GaAs AWOD for an increase in the 
active layer thickness is in agreement with theoretical and experimental predictions 
[17]. Figure 4.16 gives a responsivity value of 0.35±0.02A/W which corresponds to 
49.7±3% quantum efficiency. Ideally for this hybrid case the optimum active layer 
thickness should be equal to the minimum spot size.
The responsivity of the GaAs AWOD is shown to increase from 0.23A/W to
0.35A/W, a 50% increase in responsivity of the AWOD with the thick active layer 
for an increase in the active layer thickness of 333%. This is because the input 
beam approximates to a Gaussian distribution where most of the power concen­
trated in the centre of beam.
4.7.2.3. Effect of biasing on the AWOD responsivity
The effect of biasing on the performance of the AWOD was investigated by 
applying a negative biasing voltage to the AWOD using the circuit of figure 4.7. 
The biasing voltage was controlled by the variable resistor and was monitored 
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Figure 4.16. The response of the GaAs AWOD as a function of the active layer
thickness.
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Figure 4.17. The I-L characteristics of UB238 measured using the GaAs AWOD 
under reverse bias and zero bias conditions.
149
of reverse bias. After a certain level of bias, the responsivity of the AWOD was 
found to be unchanged as expected. Figure 4.17 shows typical I-L characteristics at 
zero bias and at a biasing voltage which gave maximum response of AWOD. The 
saturation of the output of the AWOD can be seen at zero bias in figure 4.17 at 
the higher values of optical input power, as before for the monolithically integrated 
structure. Saturation can also be seen in figure 4.14, but it seems more dominated 
in figure 4.17 due to enlarged scale. Saturation effects occurred due to optical 
pumping of the active layer (section 4.7.3). This can be explained as following: 
Photons from the source laser are absorbed in the active layer of the AWOD and 
generate electron-hole pairs. Generated electrons and holes decay to the bottom of 
the conduction band and to the top of the valence band. If the intraband relaxation 
time is much larger than the interband relaxation time, as is usually the case for a 
optically pumped lasers, a population may build-up, which is further increased by 
the charge trapping at the potential barrier (which is meant to confine the carrier 
within the active layer) as shown in figure 4.3. But the band-to-acceptor transitions 
do not overcome the total losses inside the active medium. When an external elec­
tric field is applied, the trapped holes surmount the potential well easily and inter­
band relaxation overcomes the intraband band relaxation time due to the increase 
in the mobility of minority carriers [13]. As the reverse bias voltage increases, the 
height of depletion barrier increases, band-to-acceptor transitions cannot take place 
any more and thus the absorption coefficient increases with increasing negative 
bias voltage [12].
The responsivity of the GaAs AWOD has also been calculated at different 
levels of reverse bias using the zero bias response of AWOD (at a point where it 
is not saturated) as the reference. Figure 4.18 shows the responsivity of the GaAs 
AWOD plotted against bias voltage. The responsivity of the GaAs AWOD reaches 
90% of its maximum value at around -0.8V of bias voltage. This corresponds to 
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Figure 4.19. The response of the AWOD as a function of facet reflectances.
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reference-24. It also supports the argument that charge trapping helps in building 
up the population inversion as there was no saturation effect observed above bias 
voltage of -0.8V even at very high level of optical input power to the AWOD.
4.7.2.4. Dependence of the AWOD responsivity on facet reflectivity
In previous sections, FP laser devices were used as the AWOD. In some 
cases it is desirable to reduce the facet reflectivity to avoid lasing oscillation and 
when to device is used as the active waveguide amplifier (chapter-5). In this sec­
tion the effect of A.R. coating on the AWOD facet is investigated. UB259 was 
used as the AWOD. The experimental procedure of section 4.7.2.2 was repeated to 
measure the response of the A.R. coated AWOD. Figure 4.19 shows a graph of the 
response of the GaAs A.R. coated AWOD (UB259) versus the net input optical 
power. Figure 4.19 gives a responsivity figure of 0.20±0.01A/W. This is less than 
the FP AWOD because the A.R. coating reduces the amount of multiple reflection 
between the source laser and the AWOD, hence reducing the amount of the effec­
tive optical input power. The reduction in the amount of multiple backreflection 
also reduces the error figure.
4.7.2.5. Wavelength calibration of the AWOD
Since a & is strongly dependent on the wavelength [4], for a given semicon­
ductor active layer composition, the wavelength range for which appreciable photo­
current can be generated is limited. An AWOD would be able to detect the 
radiation which satisfy the condition;
X < X 0 (4.25)
where X  is the wavelength of incoming input radiation and X 0 is the intrinsic 
wavelength of the AWOD.
Although the detecting wavelength of the GaAs waveguide detector has been 
extended successfully beyond the long wavelength cutoff point using proton-im­
planted technique [25], in OIC structures, where all components are fabricated on a
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single substrate, the AWOD would be subjected to a radiation of the same bandgap 
energy. So in the AWOD the cutoff frequency limitation is very critical in contrast 
with commercially used detectors. For example, if X « X a, the absorption coeffi­
cient will be very high. The absorption of incoming radiation will take place 
entirely near the input facet and the minority carrier generated by absorbed photons 
can interact with the majority carriers before diffusing to the depletion layer. This 
event does not contribute to photocurrent and optical signal is wasted. If X »  X0, 
then the detector will be effectively transparent to the incoming radiation. Further­
more, if the wavelength is close to the intrinsic wavelength of the AWOD, the 
contribution of photocurrent from diffusion components will be negligible because 
cladding layers are made of higher energy gap material.
The wavelength response of the GaAs detector around 850nm has not been 
reported in the literature and this task is carried out in this section for the range of 
wavelengths reported in this thesis (858-862nm).
During the wavelength calibration of the GaAs AWOD, FP and A.R. coated 
devices (UB262 and UB259) were used. The experimental set-up of figure 4.12 
was used, but a beam splitter was inserted between the two devices and a LAD 
was used to monitor the input to the AWOD, as shown in figure 4.20.
The input to the AWOD was measured against the GaAs FP AWOD response 
at different temperatures of the source laser while the temperature of the FP 
AWOD was maintained at 20°C. The source laser temperature was varied between 
17°C and 25°C and the response of the AWOD was measured by varying the 
source laser current at the different source laser heatsink temperatures. The results 
are presented in figure 4.21 as a function of the source laser temperature. The 
same experimental procedure was repeated using the A.R. coated device and the 
response of the A.R. coated AWOD against optical input is plotted in figure 4.22 
as a function of the source laser temperature. By comparing figures 4.21 and 4.22 
with figure 3.8, a range of different wavelengths of the input radiation was 
achieved. Also, by making the use of equation (4.9) and the measured responsivity
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Figure 4.23. The wavelength calibration of the GaAs AWOD.
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value of AWOD in section 4.7.2.2. and 4.7.2.4. as reference, a plot of quantum 
efficiency against wavelength for both devices was possible and this is shown in 
figure 4.23. This figure shows two curves for UB262, one represents the measured 
value and the other corresponds to actual value (value corrected to take account of 
multiple feedback effects). The quantum efficiency of Si detector is also given in 
figure 4.23 over a corresponding wavelength range. The response of the GaAs 
AWOD is found to be highly dependent on the wavelength of the input radiation 
in general, but it can be seen from figure 4.23 that the response of the FP AWOD 
is more wavelength dependent than that of A.R. coated AWOD. This is in line 
with the prediction of chapter-3.
The investigation of the wavelength dependence properties of the GaAs 
AWOD was further expanded to look at the temperature sensitivity of the AWOD 
by changing its temperature while the source laser temperature was kept constant 
at 20°C. In particular, the experiment aimed to look at the variation in the wave­
length where sensitivity was maximum. The Same experimental procedure was 
repeated for this set of tests. Figure 4.24 shows the effect of wavelength on the 
quantum efficiency. This time, the response of the GaAs AWOD for both device 
was found nearly constant.
4.7.2.6. Frequency response of the AWOD
The frequency response of a detector can be characterized by using a number 
of different techniques. The relative merits of these various techniques largely 
depend on the intended application of the detector, the range of the measurement, 
the accuracy of measurement and equipment available. The simplest measurement 
of frequency response involves excitation of the detector with short pulses of light 
and then measuring the detector output on a sampling oscilloscope. The rise time 
of the output pulse can then be used to calculate the frequency response of that 
detector. Here this technique has been used to measure the frequency response of 
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Figure 4.24. The effect of the AWOD temperature change on its efficiency as a 
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Figure 4.25. The pulse response of the AWOD under bias (dotted line) and zero 
bias (solid line) conditions, (a) at point-1 and (b) at point-2 in figure 4.17.
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pulse generator. The typical width of pulses was kept constant at 50ns. The 
AWOD was excited with the source laser output and the output of the AWOD was 
fed to a sampling oscilloscope using a 25ps Tektronix sampling head. The pulse 
response of the AWOD was measured under reverse-bias and zero bias conditions 
at point-1 and point-2 in figure 4.17. The output pulse shape was traced directly 
from the sampling oscilloscope CRT. Figure 4.25a is showing pulse response of 
the AWOD at point-1 under no bias and reverse-bias conditions. The pulse rise 
time under bias and no bias condition are calculated as 2.81ns. The applied voltage 
was expected to decrease the rise time of pulse [8], but this has not happened due 
to the domination of the RC time of the external circuit The rise time of 2.81ns 
gives a approximate frequency response of 380MHz. Theoretically a frequency 
response of 785MHz can be achieved for typical 500 external circuit with 
Cf=\ApF. But this value could not be achieved in practices probably due to the 
introduction of extra capacitance added by connecting wires. Because the laser 
which was under investigation was not designed for high frequency applications 
and the input leads were not properly screened as the same laser was going to be 
used as active waveguide amplifier later on. Therefore it was impossible to remove 
this effect and this has increased the RC time constant. Consequently, the actual 
frequency response of the detector is considerably wider than the above figures 
indicate.
Figure 4.25b shows the pulse response of the AWOD at point-2 in figure 
4.17 where the saturation of the AWOD output takes place. The AWOD under 
bias conditions, shows a rise time of 2.74ns and at zero bias condition, the rise 
time of pulse has increased to 2.83ns.
In all the cases, pulse rise time is nearly same because frequency response of 
the AWOD is dominated by the RC time constant of total capacitance (junction 
capacitance and lead capacitance) and resistance of detecting circuit.
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4.7.3. Optical flux leakage in active waveguide components
The presence of optical flux leakage was indicated in sections 4.7.1 and
4.7.2.2 for both monolithic and hybrid integrated AWOD and at that time it was 
assumed that the leakage of optical radiation could be through the transparent 
cladding layers. In this section this assumption is justified and the origin of sources 
of optical radiation leakage are investigated.
4.7.3.1. Justification of optical radiation leakage in an AWOD
In the following set of experiments, monolithic integrated devices were used 
for two reasons:
1. When segments A and B are pumped together, a very intense output can 
be achieved which will spread inside the etched gap due to the so called diver­
gence process and all the layers of segments C and D are expected to be illumi­
nated.
2. The position of the input beam to segments C and D can be manipulated 
by means of the bistable switching process found in twin stripe lasers by simply 
changing the drive current to laser A and laser B [26].
The experimental set-up of figure 4.26 was used. The LAD was mounted on 
an X-Y motor drive base which was able to scan in the horizontal (lateral) and 
vertical (transverse) directions. The speed of scanning and direction of movement 
was controlled by a control circuit. A 0.1mm (approximately) slit was used in front 
of the LAD to increase the resolution of the detected near field pattern. At the 
same time, a camera with a natural density filter to reduce the intensity of the light 
beam was used at the front facet of UB136 to examine the near field beam pattern 
on the T.V. screen from the front facet.
The existence of cross-coupled modes which cause bistable switching, similar 
to that was observed in reference-26, was observed from the front facet of UB136 
when segments A and B were pumped together. This cross-coupled mode causes 
























Figure 4.26. The schematic of the experimental set-up for the investigation of 

















Figure 4.27. Figure showing the cross-coupling of the lateral mode in a four stripe 





the change in the laser-A and the laser-B drive currents. The movement of the fila­
ment is shown in figure 4.27 taken from the front facet around a reference line on 
T.V. screen. In state-1, when /A= 109mA and 7^=102mA, the output spot is on the 
left side of reference line. In state-2, when 7A=115mA and /fi=102mA, beam spot 
move towards the right and in state-3, when IA=l 15mA and 7^=105mA, beam spot 
again has come back to the original position of state-1. Therefore, state-1 and 
state-3 are basically the same, but it can be seen, that the output beam is more 
intense in state-3. The corresponding optical flux leakage from the back facet of 
UB136 is shown in figures 4.28 and 4.29. These near field patterns were obtained 
by scanning the LAD in the lateral and transverse directions respectively. In fig­
ures 4.28 and 4.29, different scales for output optical power and distance have 
been used because the near fields were taken at different times but under the same 
conditions.
In figure 4.28a, two peaks (one with a smaller peak and the other with a 
higher amplitude) can be seen. In state-2 (figure 4.28b), as the filament moves 
towards the right, the intensity of both peaks changes. In state-3 (figure 4.28c), 
when the filament shift to the left, the near field pattern takes the original shape 
(the shape similar to figure 4.28a) but this time, the amplitude of both peaks is 
higher. This shows the movement of the filament follows the similar pattern of fig­
ure 4.27 and this indeed is an evidence that the light is passing through segment C 
and D. The leakage of optical radiation is also confirmed by the results of figure 
4.29.
The leakage of optical radiation was confirmed further by taking the photo­
graphs of the near field patterns from the T.V. screen by placing the camera at the 
back facet of UB136 for state-1, state-2 and state-3 as shown in figure 4.30. Figure 
4.30 clearly show the existence of leakage flux. By examining figure 4.28 through 


















Figure 4.28. Lateral near field patterns showing optical flux leakage from the back 
facet of UB136; (a) state-1 and (b) state-2; (c) state-3.
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Figure 4.29. Transverse near field patterns showing optical flux leakage from the 






















Figure 4.30. The photographic representation of near field showing the leakage of 
optical flux; (a) state-1, (b) state-2 and (c) state-3.
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4.7.3.2. Origin of optical radiation leakage
In last section, the fact of leakage of optical radiation was shown with the 
help of the near field patterns. But the source of the leakage was not obtained by 
this method. In order to obtain the main sources of leakage, the position of laser-C 
and laser-D was obtained in near field pattern of figures 4.28 and 4.29 by pumping 
the laser-C and laser-D individually as shown in figures 4.31a and 4.31b in the lat­
eral and transverse directions. Once the position of each respective device was 
found, the exact location of the sources of leakage was obtained by measuring the 
lateral and transverse near field profiles, whilst laser-C and laser-D were being 
pumped under conditions of additional optical input from laser-A and laser-B. The 
results are presented in figures 4.32 and 4.33 for all three states. The intensity dis­
tribution of light from the back facet was also recorded at state-2 using the CCTV. 
Figure 4.34a shows the near field pattern on the T.V. screen when laser-C was 
pumped whilst figure 4.34b shows the near field pattern on the T.V. screen when 
laser-D was pumped.
Figures 4.32 through to 4.34 show the existence of optical leakage around the 
active layer but they still do not give any clear idea about the exact location of the 
sources of leakage because input radiation was spread out in the etched gap 
between the stripes. In order to find out the exact location of sources of leakage, it 
was decided to use the hybrid approach because in this case each layer can be tar­
geted easily with input radiation from the source laser by using the experimental 
set-up of figure 4.35. Here, UB238 and UB262 were used as the source laser and 
AWOD respectively. The temperature of both devices was kept constant using 
Peltier coolers. Also, the source laser drive current was kept constant at 100mA. 
After aligning the system, the active layer was targeted and a very small amount 
of light was passing through the active layer as shown in figure 4.36a. It can also 
be seen from figure 4.36a that quite intense, but dispersed, radiation was coming 
from the top of the AWOD and this leakage is likely to be due to reflections from 













Figure 4.31. The near field patterns of laser-C and laser-D; (a) in lateral direction




















Figure 4.32. The near field pattern of laser-C subjected to an optical input; (a) lat­






















Figure 4.33. The near field pattern of laser-D subjected to an optical input; (a) lat­
eral direction; (b) transverse direction.
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Figure 4.34. Near field pattern on the T.V. screen in the presence of optical input 



















Figure 4.35. The schematic representation of the experimental set-up used to 






Figure 4.36. The sources of optical flux leakage in p - s ide up mounted hybrid 
active waveguide subjected to the optical input; (a) leakage from intrinsic layer,
(b) output of from UB262 while subjected to optical input and (c) leakage from 
the substrate material.
by pumping the AWOD locally, while it was subjected to the input from the 
source laser and near field is shown in figure 4.36b. By comparing figures 4.36a 
and 4.36b, the leakage of the optical flux through the active layer close to area 
under the stripe can be seen and also, a very small amount of leakage is coming 
through the area under stripe. The leakage of optical radiation from the active layer 
does support the argument of section 4.7.2.3. and this can be explained as; when 
the input was coupled to the input facet of the AWOD, it was partially absorbed 
and partially transmitted due to low absorption coefficient As it travels along the 
length, the absorption coefficient starts to increase as the intensity of the light 
beam reduced and at the end, either radiation was completely absorbed or most of 
it was absorbed. As in ridge waveguide laser, the field is weakly guided in lateral 
direction, a certain amount of light coupled to the area close to stripe in the lateral 
direction. Also in ridge waveguide, the index of the ridge is slightly higher than 
that of surrounding, so the amount of light coupled to area close to the area under 
stripe, has suffered less losses and that’s why a higher amount of leakage is 
observed. But this source of leakage is very small as compared to the leakage from 
the top of the device. Under the same conditions, when the beam of light was 
pointed to the lower cladding layer, no leakage was observed. But as beam was 
moved further down towards the substrate, a more wider beam as shown in figure 
4.36c was seen and this was coming through the substrate. When the beam of light 
was pointed to the upper cladding layer, leakage from the top of the device was 
increased. It was not clear that whether there was any leakage from the upper 
capping layer as it was very close to the air.
In order to examine the leakage from capping layer, a p -side down geometry 
laser device, UB300, was used. This device has a stripe width of 15|xm and a 
device length of 300pm. There was no leakage observed from capping layer. In a 
similar manner to last case, a leakage was observed from the active layer and 
from the substrate as shown in figures 4.37a and 4.37b.




Figure 4.37. The sources of the leakage of optical flux in p -side down mounting 
(UB300) subjected to the optical input; (a) leakage from active layer and (b) 
leakage from active layer ad substrate material.
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there could be three sources of leakage in monolithic active device and are as fol­
lows;
1. From air due to dispersion and unwanted reflections,
2. From the intrinsic layer (area under the stripe or close to the stripe),
3. From the substrate material.
However, in hybrid active devices where the input beam is focussed to the 
active layer, the leakage of optical radiation would be:
1. From intrinsic layer (area under the stripe or close to the stripe) and
2. From air due to unwanted reflection and dispersion phenomena.
4.7.33. Temperature dependence of optical radiation leakage
The effect of temperature variations on the optical flux leakage was also ana­
lysed by placing the LAD at the output facet of the AWOD, while the source laser 
temperature and drive current was kept constant. At the same time, the temperature 
of the AWOD was varied from point C to point D in figure 4.13. Figure 4.38 
shows the AWOD response versus optical flux leakage. It can be seen from figure 
4.38 that the leakage increases rapidly as the temperature of the AWOD is 
decreased. It can be deduced from figure 4.38 that there exists a maximum value 
of leakage which corresponds to optimum alignment and that there is a worst-case 
alignment where there exists a minimum value of leakage (although this maximum 
leakage is probably due to dispersion of optical radiation). Therefore, the condition 
of optimum alignment cannot be achieved without encountering optical flux leak­
age.
4.8. Summary
The optical detection properties of the active waveguide optical detector as an 
active circuit element in OIC integration have been investigated. A comparison 
between the basic properties of conventional optical detectors and the AWOD was 
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Figure 4.38.The effect temperature change on the leakage of optical flux.
179
multiple use (transmitter and receiver) simply by altering the bias, zero bias oper­
ation, high frequency response and low noise figure.
A non-destructive, novel alignment technique has been demonstrated for the 
alignment of active components in hybrid approach. This alignment technique was 
found highly temperature dependent due to change in cavity length with tempera­
ture variation. Optical flux leakage, observed in the monolithic approach and 
hybrid approach, was highest at maximum alignment. This property can be used in 
judging whether a component is aligned or not.
The responsivity for the hybrid AWOD was found to be in agreement with 
the reported values. The responsivity of the GaAs AWOD was increased success­
fully by increasing the thickness of the active layer to maximise coupling with the 
source laser. This method is ideal for the hybrid detector but would be unnecessary 
for a totally integrated structure.
Reduction in the responsivity of the GaAs AWOD was observed at a high 
levels of input power under zero bias. This problem was solved by supplying a 
small negative bias voltage to the AWOD in the normal way.
The responsivity of the A.R. coated and FP AWOD were compared and 
found to be different Multiple reflection between the source laser and AWOD 
facets was concluded as a reason that caused a 56% increase in the effective input 
power to the FP AWOD. In all cases, the responsivity of the GaAs AWOD was 
found to between 0.15A/W (corrected to take account of multiple feedback 
between two active components) and 0.35A/W which is in agreement with reported 
values.
Disagreement between the calculated and measured frequency response was 
observed due to the introduction of extra capacitance from connecting leads. The 
frequency response of the existing system can be increased by improving laser 
design and reducing the junction capacitance. Shortening and proper screening of 
connecting wires is another option to increase the measured frequency response. 
By adopting these suggestions, the measured frequency response of the AWOD can
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be increased into GHz range [19].
The leakage of optical radiation in the AWOD (monolithic and hybrid) was 
thoroughly investigated and existence of leakage was justified to validate the 
assumption made earlier in this chapter. The sources of leakage in the active wave­
guide component were obtained. Monolithic and hybrid integrated devices were 
sharing two common sources of leakage i.e. leakage from air and from the intrinsic 
layer, while monolithic integration also suffers from leakage from the substrate 
layer. Among all sources, leakage through the top of device (from air) was more 
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Chapter-5
Amplification in active waveguide optical amplifiers
5.1. Introduction
Research on optical amplifiers has been carried out for almost three decades 
and has generally concentrated on the potential use of optical amplifiers in trunk 
optical communication systems as either a pre-amplifier, a repeater amplifier or as 
a booster amplifier. Its use as an essential part of an optical integrated circuit has 
been generally ignored until relatively recently, however, in this chapter, the use of 
optical amplifiers in the OIC context is considered.
The work in this chapter is aimed mainly at optical local area networks rather 
than trunk communication systems. Although many of the proposed optical LANs 
are based on point-to-point techniques, it is an attractive idea to have a continuous 
optical bus system, in which LAN nodes are connected simply by tapping photons 
from the main bus or by coupling photons from a local laser onto the main bus. 
This has one main drawback. Photons that are tapped-off at each node are lost and 
the accumulation of these tapping losses grows quickly. In a typical passive net­
work, only 10 to 40 nodes may be added before the loss is so high that an accept­
able bit error rate between farthest users cannot be achieved.
There is considerable merit and network flexibility offered by the use of the 
active nodes, whereby the optical splitter is accompanied by an integrated optical 
amplifier so that as the photons are lost due to splitting, additional photons are 
generated. This can be achieved by locally pumping the active waveguides so that 
not only the inherit losses of active waveguide are overcome but that it can pro­
vide local gain to overcome fibre losses and connector losses. In this case, the 
active waveguide can be termed as an active waveguide optical amplifier (AWOA).
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There are several parameters required to characterise the performance of the 
AWOA and these are;
1. the coupling efficiency of input radiation
2. the single pass gain and the signal gain of the input signal
3. the noise power contribution
4. the input/ouput linearity in terms of total input power, P^.
In this chapter these parameters are considered theoretically and investigated 
experimentally for monolithic integrated AWOAs and hybrid integrated devices. 
For the investigation of AWOAs in a hybrid configuration, the source laser and 
AWOA were butt-coupled through optical lens system (see figure 1.6).
The theoretical background of the optical amplifier which will later be used 
to evaluate the performance of an AWOA, will be outlined in section 5.2. This 
analysis is then utilised later in the experimental section (section 5.3). Subsection
5.3.1 deals with the monolithic approach to optical amplification and subsection
5.3.2 is devoted to the hybrid approach. In this latter subsection, the signal gain, 
temperature and polarisation dependence of the optical gain, 3dB frequency band­
width, the limitation of different noise components, the 3dB noise bandwidth and 
noise factor are calculated by combining the available data and theory discussed in 
section 5.2. Also in subsection 5.3.2, the nonlinear input/output characteristics of 
different active waveguide devices are presented. Finally, in section 5.4, the main 
conclusions from this chapter are presented.
5.2. Optical amplifier
Most trunk optical communication systems in practical use are based on 
electro-optic or opto-electronic signal conversion for transmission, detection and 
regeneration using optical fibre as the transmission medium. In many applications, 
direct optical amplification of the optical signal (rather than modulation/demodula­
tion and regeneration of the signal) would be advantageous. In this respect, the 
semiconductor optical amplifier has been studied extensively due to its potential for
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use in future optical systems and for OIC integration [1,2]. In this section, the dif­
ferent operational characteristic of the practical optical amplifier (such as the FPA 
and NTWA) are considered.
5.2.1. Types of optical amplifiers
When a forward bias semiconductor laser diode is subject to external input 
radiation, it will act as an optical amplifier because it inherently contains the light 
amplification process. If the bias current is set below the oscillation threshold, the 
laser diode behaves as an optical amplifier to the incident light When it is biased 
above the oscillation threshold, it acts as a nonlinear injection optical amplifier and 
is sometimes referred to as an injection-locked amplifier. This type of optical 
amplifier is not considered in this work.
Optical amplifiers can be further divided into two main types: Fabry-Perot 
amplifiers (FPAs) and travelling wave amplifiers (TWAs). The difference between 
the two types of semiconductor laser amplifier is that the Fabry-Parot structure has 
partially reflecting input/output ports whilst the travelling wave amplifier has 
non-reflecting input/output ports (i.e. matched in effective ‘impedance’ to the 
source and load ‘impedance’).
The FPA is a resonant type of amplifier and the two cleaved facets of the 
semiconductor laser amplifier have considerable reflectivity which act as partially 
reflective end mirrors as shown in figure 5.1(a). Such an amplifier has a very high 
Q factor and this makes it very sensitive to changes in temperature, bias current, 
signal polarization and signal frequency fluctuations and it also puts limitations on 
the modulation bandwidth. These problems can be avoided by reducing the facet 
reflectivity of both facets to suppress the feedback of the radiation. This reduces 
the Q of the amplifier but it also reduces the gain. The result is a travelling wave 
amplifier (TWA), which is shown schematically in figure 5.1(b). There are a 
number of techniques to reduce the facet reflectance including the application of 
anti-reflection (A.R) coating on the facets [3], tilted waveguide structures [4], facet
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coated tilted waveguide structures [5] and A.R. coated window structures [6].
In the limiting case, an ideal TWA has zero facet reflectivity. In practice, 
however, it is difficult to achieve this over a wide range of operating conditions 
and even with the best available techniques, there is always some residual facet 
reflectivity in semiconductor TWAs (practically, facet reflectance as low as 3xl0'5 
have been achieved [7], but more typically, the residual facet reflectance is 10‘3 to 
10“*). In this case, the amplifier lies between the FPA and the TWA and is referred 
to as a near travelling wave amplifier (NTWA) [8]. NTWAs are currently of 
interest due to their high saturation powers and wide operating bandwidth. The 
NTWA is also less sensitive to temperature, bias current polarization and source 
wavelength fluctuations than the FPA and its properties lie between those of the 
FPA and the TWA.
The main disadvantage of the NTWA and TWA is an increased spontaneous 
noise component because of the higher level of pumping that is needed to achieve 
the same level of optical gain as an equivalent FPA and additional sensitivity to 
the effects of external reflection (from other components) than the FPA.
5.2.2. Working principle
When a small current is applied to a laser amplifier (FPA or TWA), any 
input radiation injected into one end of the amplifier will be strongly absorbed if 
the wavelength of the radiation is shorter than the wavelength corresponding to the 
absorption edge of the active material. As the current is increased, the amplifier 
will first become transparent to the incoming radiation. This point is marked as the 
threshold of amplification in figure 5.2. Above this level of pumping, the amplifier 
has net optical gain and any further increase in applied current will increase the 
optical gain. A consequence of pumping the amplifier is the emission of sponta­
neous emission. The amplification of locally generated spontaneous emission (ASE) 
will also take place along with the signals.







Figure 5.1. The types of the optical amplifier (a) Fabry-Perot amplifier and (b) 
travelling-wave amplifier.
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Figure 5.2. The conceptional representation of gain saturation process in an 
amplifier.
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will resonate back and forth between two partially reflecting facets and the gain 
will begin to saturate at the lasing threshold. This point is marked with the thresh­
old of lasing in figure 5.2. Beyond this point any increase in injected current no 
longer results in an appreciable change in the optical gain and the amplifier 
operates in its nonlinear mode.
If, by some means, the internal feedback mechanism is suppressed, as in the 
case of the NTWA and TWA, the gain saturation effect is also suppressed, till a 
further saturation point is reached, which is intrinsic to the system. This point is 
marked as a saturation of the gain of the TWA shown in figure 5.2.
The characteristics of FP and TW amplifier are summarised in table 5.1 
below.
Table 5.1. Table showing characteristics o f FP and TW amplifiers [1].
Amplifier type
Characteristics FP TW
Amplifier gain 20-30 dB 20-40 dB
Limitation Gain saturation due to Gain saturation due to
ASE and oscillating ASE and residual facet
field reflectivity
Frequency band­ 8-43GHz 20 THz
width
Saturation output -7 to -12dBm 5 to 10 dBm
level
Applications
Pre-amplifier Yes (with filter) Yes
Repeater amplifier Yes (with filter) Yes
Booster amplifier Yes
Postamplifier Yes
5.2.3. Linear amplifier characteristics
In this section, the linear amplifier characteristics such as: the signal gain, 
saturation and noise performance are considered in terms of the material and 
structural parameters.
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5.2.3.1. Material and structure parameters
The internal gain of an amplifier is limited by gain saturation. The sponta­
neous emission coefficient, p* and population inversion factor, nsp are two basic 
parameters for determining the saturation and noise characteristics of an amplifier. 
The spontaneous emission parameter p5, which is also called the saturation para­
meter, is defined as [9,10];
p , = y  (5.i)*o
where A is a constant, xs is the spontaneous lifetime and Va is the optical mode 
volume. The optical mode volume is given by;
LWd3
(5.2)
here W is the effective lateral width of the waveguide.
The population inversion parameter nsp, represents the available carrier density 
degradation from the injected value resulting from the stimulated recombination of 
carriers. For an ideal gain medium, where no stimulated absorption takes place, nsp 
is equal to 1. For a linear amplifier with a finite facet reflection coefficient, it is 
defined as [3];
^ - ^ w r l+ A T N ^  ( 5 - 3 )
where T is the mode confinement factor, Ne is the injected carrier density, N0 is 
the carrier density at transparency and xp is photon lifetime.
The amplification of incident optical radiation takes place in the active layer
of an amplifier and the material gain in terms of carrier density in the active layer
is defined as [3];
* .= 7 rW ,-W .)  (5-4)
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here CA is the optical velocity in the amplifying medium.
The material gain coefficient can be obtained by measuring the peak-trough 
ratio, D of the passband ripple of an amplifier subjected to input radiation of dif­
ferent wavelengths [11,12]. This method is based on the loss/gain measurement 
technique of Hakki and Paoli [13]. The dependence of the passband ripple on facet 
reflectivity and wavelength and its effect on the internal gain of an amplifying 
medium is illustrated in figure 5.3. The peak-trough ratio leads to an expression 
for gm as [10];
where Rj and R2 are input and output facet reflectivities of the amplifier, a  is the 
total internal radiation losses (see section 2.3.4).
The material gain plays a major role in determining the overall amplifier gain 
and it is related to the population inversion parameter nsp through the carrier den­
sity inside an amplifying medium. The dependence of gm on nsp is shown in figure 
5.4 for a carrier concentration of 1018/cm3 [1].
5.2.3.2. Signal gain
The single pass gain, Gs in term of the material parameters can be expressed
The single pass gain refers to the unsaturated gain of an ideal TWA where 
the peak-trough ratio and facet reflectances are ideally assumed to be one and zero 
respectively. In practice, however, this cannot be achieved and in both the FPA or 
NTWA, the signal enhancement due to the multiple beam interference between the 
end facet leads to the overall signal gain, G which is defined as [14,15];
l[~ 1, (  1 V u-Vg +cc (5.5)
as [3];
Gs = cxp[(Tgm-a)L] (5.6)
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Figure 5.3. Relationship between the peak-trough ratio and facet reflectivity as a 
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Figure 5.4. Population inversion parameter, nsp versus material gain, g m for a 
carrier concentration of lX1018cm'3 [1].
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and
Av = v -  vo (5.8)
where v is the incident signal optical frequency and vc is the resonant mode fre­
quency of the AWOA.
The ratio x> of the output power in the resonant state v = v0 to that in the
CAnon-resonant state v = v0+ — is given by [12];
r x + V ^ G , V
t) = (5.9)
1 - ^ R 2GS
When ^ R iR2 —> 0, the amplifier approaches the TWA and D —» 1. When 
^ R xR2 —> 1, the amplifier approaches lasing threshold limits and x>-»<*>. At high 
values of D, the amplifier acts as its own optical bandpass filter where the Fabry- 
Perot peak may be narrower than Av in equation (5.7). The signal gain in this case 
is given by the gain of the central longitudinal mode as [3];
( l - R 1) ( l - R 2)Gs 
G = i  ' ____  , (5.10)
( i - V w y 2
The relationship between the single pass gain, Gs and the cavity or internal 
gain, G of an optical amplifier as a function of facet reflectance is shown graphi­
cally in figure 5.5. In figure 5.5, the unsaturated value of Gs increases as the facet 
reflectance is reduced and in the ideal case, Gs and G are equal. But the generation 
and amplification of spontaneous emission prevent Gs from becoming equal to G.
Consequently, if Rj and R2 are known, the single pass gain Gs and the inter­
nal gain G of the amplifier can be found through equations (5.6), (5.9) and (5.7) or
(5.10).
5.2.3.3. Gain saturation
In sections 5.2.3.1 and 5.2.3.2, a linear amplification process was assumed i.e. 
that the gain is independent of the input optical power. In the practice, as the input 
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Figure 5.5. Relationship between the single pass gain and the signal gain as a 
function of facet reflectivities [8].
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the internal gain saturates.
The internal gain of an amplifying medium depends on the carrier density. 
The carrier density N, hence the optical intensity 5, is a function of position along 
the length of the amplifier, since it contains forward and reverse travelling waves, 
each of which depend on carrier density in forward and reverse directions [16-19]. 
The total intensity varies exponentially along the length and is usually maximum at 
output facets and is minimum near the center. For a typical GaAs device, with 
facet reflectivities of 30% (as in FPAs), the ratio between maximum and minimum 
optical density along the length is around 1.19 [20]. But in the case of devices 
with typical facet reflectivities of 10'3 (as in NTWAs), the ratio between maximum 
and minimum optical fluxes along the length of the device could be as high as 500 
[20] due to growing waves. This radical difference in the photon density along the 
length would saturate the end facet first. However, saturation can take place even 
at very low input optical power due to the local generation and amplification of 
spontaneous emission (ASE). Therefore, ASE is thought to be main reason behind 
saturation in TWA as well in the FPA. Since the phenomena of gain saturation is 
intrinsic to the material and the structural system, it is easy to relate it to the 
material gain coefficient gm and for a homogeneous laser medium, it can be 
defined empirically in terms of the saturated output power and input power can be 
defined as [1,21];
& = - ^ r  (5-H)
1 + ^sot
where gQ is the unsaturated local gain coefficient of the amplifying medium in the 
absence of the optical input. P0 is the input optical power at the input facet of an 
amplifier. Psa, is the saturation output power. The value of g0 can be evaluated as a 
given proportion of the material gain at lasing threshold [22]. Therefore it can be 
estimated from equation (2.47) near threshold before it saturates with devices with 
finite facet reflectance.
As the saturated output power characteristics are used in this thesis to
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measure the signal gain of an amplifier, it is worthwhile to write an expression for 
Gs which includes the parameter of equation (5.11) as well. By comparing equa­
tions (5.6) and (5.11), one can obtain an equation which relates Gs to the saturation 
parameters of an amplifier as [8];
G, = exp
r 8o 11 P L
1+-T-
- V *al -
(5.12)
This equation can be used for the measurement of the signal gain instead of 
equations (5.5) and (5.6).
5.2.3.4. Origins of noise in optical amplifiers
Noise is the most important factor in an optical amplifier because it deter­
mines the signal to noise ratio (SNR) at the output of an amplifier. The noise gen­
eration process in an amplifier is shown schematically in figure 5.6.
There are three types of noises in the optical amplifier,
1. Mode partition noise
2. Shot noise
3. Beat noise
When a laser source is driven by a dc current at a fixed heatsink temperature, 
small power fluctuations in the power of each longitudinal mode is expected 
because of thermal fluctuations. This can change the gain condition of an amplify­
ing medium subjected to the optical radiation from that particular lasing source. 
When the source laser is driven under pulse conditions, the power of each mode in 
the optical pulse may vary due to the transient phenomena. The resulting mode 
partition noise (MPN) is caused by the random fluctuations amongst the various 
longitudinal modes in the amplifying medium as a result of random mode fluctu­
ations in the lasing source and the amplifier as well. It may become one of the 
dominant performance limitations for laser diode systems, especially in those 
systems which require single mode operation. However, in multimode systems, the 











Figure 5.6. Noise generation process in an amplifier.
(a)
(b)
Figure 5.7. The spectral output of (a) FPA and (b) TWA.
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and side modes are uncorrelated. The degree of mode fluctuation is usually defined 
by a universal coefficient, called k-coefficient [23], whose value decreases along 
the length of a pulse . Also, the penalty imposed by MPN becomes severe when a 
narrow band optical filter is used at the output of the amplifier [24]. During the 
work reported in this thesis, a multimode laser source was used under pulse condi­
tions and the output was sampled at the end of a 200nS pulse (figure 5.8). Also no 
optical filtering mechanism was used. Therefore the contribution of MPN is 
expected to be insignificant in our study.
Shot noise is unavoidable random noise that is an inherit consequence of the 
quantum nature of light It even exists in coherent optical radiation due to the par­
ticular (quantum) nature of light. It is generated by both the amplified signal and 
the locally generated and amplified spontaneous emission (ASE) and is referred to 
as signal shot noise and spontaneous shot noise respectively. The magnitude of the 
shot noise is directly related to the strengths of the signal and the ASE.
In a resonant type amplifier, the cavity resonance will reinforce and amplify 
those frequencies which satisfy the resonance condition of the FP cavity. The out­
put emission from the amplifier consists of a central longitudinal mode at a certain 
wavelengths , surrounded by number of weaker components of amplified 
spontaneous emission created by other longitudinal modes as shown in figure 
5.7(a). When the total output from that amplifier is detected by a photodetector, 
the various modes combine to generate beat noise. This beat noise consists of two 
components: (a) the signal-spontaneous beat noise generated as a result of mixing 
between signal and spontaneous emission components in the central longitudinal 
mode, (b) the spontaneous-spontaneous beat noise is generated as a result of inter­
mixing between spontaneous emission components.
In a TWA, ASE is also generated. The spontaneous-spontaneous beat noise, 
which is the dominant noise source in the TWA, spreads over a wide range of
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continuous spectrum, as shown in figure 5.7(b). However, in NTWA, the sig­
nal-spontaneous noise is also important when the facet reflectances are finite.
The total mean noise power at the output of an amplifier is given by [25,26];
hvnsp
PN ~ (G* ~ 1 )Av1m/ (5.13)
Mr
where rjr is the total quantum efficiency, Avl is the equivalent spontaneous shot 
noise bandwidth and mt is the number of effective transverse modes. The effective 
number of transverse modes is equal to 2 in thin active layer devices, which corre­
sponds to the single transverse mode operation with TE and TM mode polarization 
[22]. %  is defined by the so called Henry factor as [25,26];
— = — (5.14) 
%  I s - a
where g is the local gain coefficient.
The inclusion of Henry’s factor in equation (5.13) is justified because in an 
amplifying medium, the optical wave will observe two discrete processes; amplifi­
cation and attenuation due to the material absorption and other mechanisms. The 
first process always adds the noise and second process will force it (noise) to 
reduce. In an ideal case, with zero facet reflectivities and zero attenuation, r\T will 
be equal to unity. However, in practical cases, where the achievement of zero facet 
reflectivities and a lossless medium is a limitation, T|r  will be much lower, typi­
cally 50%.
The variance of the photon number at the amplifier output is defined as [3];
= G <Po > +nspmXG -  l)Av, + 2G(G - 1  )nspx  <P0>+ (G - lfn*pm,Av2
(5.15)
where <PQ> is the mean input power, % is the excess noise coefficient and Av2 is 
the equivalent noise bandwidth of the spontaneous emission beat noise components.
The first two terms on the right hand side of equation (5.15) represent the 
amplified signal and spontaneous emission shot noise and the last two terms
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represent the signal-spontaneous and spontaneous-spontaneous beat noises respect­
ively.
The excess noise factor, % (which represents signal-spontaneous beat noise 
enhancement resulting from finite facet reflectances in FPA and NTWA), is 
defined as [3];
( i+ * ,G ,) ( i - /y ( G ,- i )  x
X =--------F = — 2-----------  (5.16a)
( 1 - V W ? , ) 2(G -1 )
and in the case of G »  1 [3];
(1+ S ,C ,)(C ,-1) ...........
X— ( 1 - w  l s m >
Avt and Av2 are defined as [3,27];
( l + j y y O - j y C G , - ! )  CA
Av, = X -  ^ -  (5.17)
1 », (1 - R f i f i i )  2L(G - 1 )
. „  (1 +R,Gsf ( \  - f f2)’ (G ,-1 )2(1 - R f t & )  C„
Av, = E ------------------------------ —----------------------------- - (5.18)
», (1 -R ,R 2G]) 2L(G - 1)
where ml is the number of longitudinal modes.
In all types of amplifier, the spontaneous-spontaneous noise can effectively be 
reduced by introducing a narrow-band optical filter at the output [28], however, 
this can increase MPN. The signal-spontaneous beat noise is associated with the 
amplified signal, and consequentially this noise cannot be removed.
Following engineering practice for RF amplifiers, the noise introduced by an 
optical amplifier can be represented by a noise figure, F. The noise figure for the 




F = 77T L (5.19)
/olp
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Assuming that the input signal to the amplifier is shot noise limited, and con­
sidering two dominant beat noise sources, the noise figure, F can be written as
The first term on the right hand side of equation (5.20) represents the sig­
nal-spontaneous beat noise and the second term represents the spontaneous-sponta­
neous beat noise components. The noise contribution from the 
spontaneous-spontaneous beat noise can be reduced by reducing Av2 by using a 
narrow band optical filter at the output (as mentioned above) or by increasing 
<P0> by increasing the input power to the amplifier.
Generally, at the higher values of internal gain of the amplifier, the beat noise 
components dominate the shot noise components [30,31]. Among the beat noise 
components, the spontaneous-spontaneous beat noise is dominated by the sig­
nal-spontaneous beat noise. Therefore, under the condition that G »1  (as in our 
case), the spontaneous-spontaneous beat noise components in equation (5.20) can 
be ignored and the noise figure of an amplifier can be approximated to [28,29];
Equation (5.21) will be used later in the experimental section to evaluate the 
noise power contribution in the different amplifiers being investigated.
5.3. Experimental results
In this section, the theory described earlier is utilised. This section is divided 
into two parts. In the first part, monolithic approach is considered and in the sec­
ond part, hybrid approach, where different optical components are butt-coupled 
through an optical lens system, is used.
5.3.1. Monolithic AWOA
In chapter-4, monolithic device UB136 was successfully used as an AWOD.
[29];
(5.20)
f  = 2n,p% (5.21)
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The AWOD can be turned into an AWOA if it is locally biased to overcome the 
inherent losses in the active layer. For this purpose, the experimental arrangement 
of figure 4.6 was used. In this case, device UB136A was used as the source and 
UB136D was used as the AWOA. UB136D was locally pumped while it was sub­
ject to input radiation from UB136A. In order to investigate the effect of local 
carrier injection, segment-D was pre-biased with longer pulses than segment-A 
biasing pulses. The typical value of pulse length was 200nS for segment-A and 
300nS for segment-D, as shown schematically in figure 5.8. The biasing current 
for segment-A was varied from 0 to 160mA and the leakage of the optical flux 
through segment-D (with no biasing) was measured. Then segment-D was pre- 
biased at 20mA and segment-A* s biasing current was varied from 0mA to 160mA. 
The optical output at the back facet of segment-D was measured using the large 
area detector (LAD). This procedure was repeated for 30mA, 40mA, 50mA, 6mA, 
70mA and 80mA of pre-biasing. The output detected by the LAD at the different 
levels of pre-biasing was then corrected to take account of the leakage flux and 
this was plotted against the laser-A drive current in figure 5.9.
It is clear from figure 5.9 that the AWOA suffers from internal losses due to 
the absorption of input radiation because neither of the segments was lasing (incl­
uding segment-A which was used as the source) as a result of the non-vertical 
etched facet geometry. This effect can be seen more clearly in figure 5.10 where 
the output of segment-D is plotted against the total input intensity measured at the 
front facet of UB136A.
A similar experimental procedure was repeated for the other segment combi­
nations using the same device, but due to excess net losses in the active layer, 
results similar to figures 5.9 and 5.10 were obtained and they are not presented 
here.
5.3.2. Hybrid AWOA
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Figure 5.9. AWOA UB136D output power versus the source laser UB136A cur­
rent as a function of AWOA prebiasing.
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Figure 5.10. The saturation of monolithic AWOA in loss regime due to sponta­
neous recombination.
204
using the butt-coupling scheme of figure 1.6 so the results obtained in this section 
can applied directly to monolithic integrated devices. Throughout this section 
UB238 is used as the source laser and UB258, UB259 and UB262 are used as 
AWOAs.
5.3.2.1. Light amplification in the hybrid AWOA
For the case of the hybrid integrated AWOA, the source laser and the 
AWOA were butt-coupled through optical lenses as shown in figure 4.12. Here a 
fast detector was used at the output instead of the LAD as in section 5.3.1. A port­
able monochrometer was also used at the output to observe the frequency tuning 
using a infrared camera. Figure 5.11 shows the schematic of the experimental 
set-up used for the characterization of the AWOA. The source laser and the 
AWOA laser were aligned using the novel alignment technique developed in 
chapter-4 based on the use of the active waveguide as active waveguide optical 
detector.
53.2.1.1. Output power characteristic of AWOA
In the hybrid case, the structural and material parameters could be optimised 
for each particular application. The experimental procedure which was used for the 
monolithic approach in section 5.3.1, was also used for the hybrid measurements 
as well. Device number UB262 was pumped just below threshold level, and the 
input light from the source laser UB238, pumped well above its threshold, was 
coupled into the AWOA (UB262). The temperature of both devices was varied 
slowly but continuously and independently to tune the optical frequency of the 
incoming radiation with the cavity resonance frequency of the AWOA. The tuning 
of the optical input was observed by an infrared T.V. camera equipped at the exit 
slit of the monochrometer. At the same time, alignment between the two devices 
was tightly controlled by monitoring the output power of the AWOD (under zero 
bias conditions). Also the output of the AWOA was watched closely for any
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Figure 5.11. The schematic of experimental set-up used to evaluate the perform­
ance of AWOA in hybrid approach.
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change in output which could be attributed to the amplification process. Once a 
slight amplification was observed, the source laser temperature was fixed and the 
gain was maximised by varying the temperature of UB262. The power output of 
the AWOA was measured as a function of AWOA pre-biasing current by varying 
the source laser drive current from OmA to 140mA. The source laser drive current 
was limited to 140mA because beyond this level the output of the source laser was 
saturating. Prior to plotting the results, the output of the AWOA was corrected to 
take into account optical leakage effects as described in section 5.3.1.
A similar experimental procedure was repeated for devices UB259 and 
UB258. It is worth mentioning here that UB258 played a dual role due to differ­
ences in the two facet reflectances and was investigated twice. First, the A.R. 
coated facet was used as the input facet and then the uncoated facet was used as 
the input facet So for future reference, the device configuration with Rj=4.48% 
and R2=30% is referred to as UB258A. Whereas, the device configuration of 
Rj=30% and R2=4.48% is referred to as UB258B, where R7 and R2 are input and 
output facet reflectivities respectively. Results for all four devices are presented in 
figures 5.12-5.15
5.3.2.I.2. Signal gain in AWOA
For the measurement of the signal gain in a device, the material gain, gm has 
to be known. gm can be obtained using either equation (5.5) or (5.11). Usually, the 
internal gain of an amplifier is calculated through equation (5.5) which involves 
the measurement of peak-trough ratio at the output of the amplifier. This method 
requires the use of a single wavelength source to achieve reliable results. However, 
when the source laser is a multi-wavelength source, the amplifier can support and 
amplify several longitudinal modes as it has a broader output spectrum (since its 
threshold is suppressed by operating it below threshold (as in FPA) or by applying 
A.R. coating (as in TWA)). In this case each amplified mode shows different 
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Figure 5.12. AWOA UB262 output power versus the source laser UB238 current 









80 100 120 1400 20 40 60
Source laser current (mA)
LEGENDS: Bottom to top.
95mA 100mA 105mA 110mA _120mA_ __B0mA_ 146mA
20mA 40mA _ 60mA _ 70mA_ _ _75rnA_ _80m A _ 85mA 90mA
Figure 5.13. AWOA UB259 output power versus the source laser UB238 current
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evaluate the gain of each resonating mode separately. But the gain of each mode 
cannot be evaluated separately by measuring the peak-trough ratio of each mode 
due to the superimposition of several resonance frequencies on the central longi­
tudinal mode resonance frequency [32]. Because a multi-wavelength source laser 
was used in this work, this method could not be used. Alternatively, the saturated 
output characteristics were used to calculate the optical gain using equations (5.11) 
and (5.12) as the exact value of the input power was known. To best of the 
author’s knowledge, this is the first time the method has been used.
In order to use this method for gain measurement, the precise value of PQ and 
Psat were required. The exact value of Pa was calculated by deriving a simple 
expression for the effective coupling efficiency and Psat was estimated by exploit­
ing gain saturation induced nonlinear properties of the amplifier. These two para­
meters will be discussed below.
53.2.1.2a. Coupling efficiency of input radiation
In chapter-4, the total input power coupled into the active waveguide was 
measured by using it as an AWOD. However, in the optical amplifier with finite 
facet reflectivities, as in our case, the cavity resonance will reinforce and amplify 
those frequencies which satisfy the resonance conditions of the cavity. Since the 
input optical radiation had multi-wavelength radiation components, only a fraction 
of the input radiation which satisfies the cavity resonance will take place in the 
amplifying process. In order to calculate the signal gain, the effective input power 
coupled into the active layer has to be known and this can be found via the effec­
tive coupling efficiency of the input radiation. The coupling efficiency, C of the 
input radiation coupled to the active layer can be defined as [33];
where R, is the input facet reflectivity, d3 is the thickness of the active layer and 
Omin is the diameter of the minimum achievable spot size of the input beam.
By combining equations (4.24) and (5.22), a relation for C as a function of 
the input radiation wavelength, can be written as;
2(1 -R Jds
c = ~ o m r N A - <5-23)
The effective input power coupled to the active layer can then be written as;
p  = r.P1 o tn
2(1 -R M L N A .)
1.22A,„ An  (5-24)
where is the total input power detected by the active waveguide while used as 
an AWOD.
The effect of facet reflectance on the responsivity of the AWOD was dis­
cussed in last chapter and it was included in sensitivity calibration of the AWOD.
Therefore, the effect of reflectance can be neglected here and equation (5.24)
reduced to;
2d3(NA.)
p ° = - n z K - p ‘'  (5-25)
By inserting typical values of 4r=0.15}im, NA=0A5 and X=860nm, equation 
(5.25) can further be reduced as;
A  = 0.1286Pln (5.26)
5.3.2.1.2b. Saturation intensity
It can be seen from figure 5.12 through figure 5.15 that the output of the 
AWOA becomes saturated at higher levels of the optical input power. This is 
because of the gain dependence of the carrier density. At these higher input 
powers, the stimulated recombination process reduces the carrier concentration and 
causes the reduction in the optical gain. The gain saturation induced nonlinearities 
leads to distortion of the input pulse in the form of pulse compression or pulse
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broadening [34,35] because the leading edge saturates the amplifier and the trailing 
edge suffers a gain reduction due to the saturation of the amplifier.
In the low input power regime, where the pulse power is considerably less 
than the amplifier saturation power, very narrow pulses have been amplified with­
out much distortion [34]. In the high input power regime, the gain saturation of an 
amplifier causes the broadening or narrowing of input pulses, depending on the 
operating conditions [34-36].
The level of the input power which causes the saturation of the optical 
amplifier was calculated by making the use of the unwanted mechanism of gain 
saturation induced nonlinearity in the amplifier. This was achieved by plotting the 
near-fields of the AWOA. This work was started with UB262 (FP amplifier) as the 
AWOA in the experimental set-up of figure 4.35. The AWOA was tuned to the 
input signal and maximum gain was achieved. At that point the AWOA current 
was kept just below the lasing threshold. The near-field optical intensity was 
measured at the different levels of optical input power by varying the source laser 
current While measuring the near-field patterns, the optical gain of the input sig­
nals was kept to a maximum value by varying the AWOA temperature as the 
increase in the source laser drive current changed the peak emission wavelength of 
the input signals. The same experimental procedure was then repeated for the other 
devices and the FWHM of the near-field was plotted against the source laser cur­
rent for all devices, as shown in figures 5.16-5.19. In all cases, a minimum pulse 
width was achieved and that particular level of the source laser pumping for each 
device was considered as the saturation limit of that particular amplifier. The out­
put power of the AWOA at that point was taken as Psat and the level of the optical 
input power at that point measured by using the AWOA as an AWOD, was used 
in equation (5.26) to calculate PQ.
5.3.2.1.2c. Signal gain
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Figure 5.16. The near field pattern of AWOA UB262 versus the source laser cur­
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Figure 5.17. The near field pattern of AWOA UB259 versus the source laser cur­
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Figure 5.18. The near field pattern of AWOA UB258A versus the source laser 
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Figure 5.19. The near field pattern of AWOA UB258B versus the source laser 
current showing saturation phenomena in active medium as a result of saturation 
induced nonlinearity.
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calculated using equation (5.11) for different devices. The single pass gain, Gs was 
then calculated from equation (5.12). The material gain, gm is plotted against the 
single pass gain, Gs in figure 5.20 as a function of mirror facet reflectances. The 
signal gain for each device has been calculated from equation (5.10) and plotted 
against amplifier pumping level for different devices in figure 5.21.
The gain characteristics for the uncoated device and the A.R. coated devices 
show different behaviour. In UB262 (a FP device), the signal gain increases 
together with the local pumping of the AWOA at levels below the lasing threshold 
and above the lasing threshold, the signal gain slowly decreases due to the gain 
saturation resulting from photon-carrier interactions inside the active medium. In 
the A.R. coated devices, the reduction in facet reflectance gives rise to the signal 
gain in UB258A, UB258B and UB259 because the lasing threshold has been sup­
pressed by reducing the feedback between two facets. The effect of facet reflec­
tance can further be explained by plotting the single pass gain against signal gain 
or cavity gain as a function of facet reflectivities as shown in figure 5.22. As the 
facet reflectance reduces, the single pass gain increases accordingly and it brings 
the device characteristic more closer to the ideal case where the single pass gain 
would be equal to the signal gain (subjected to the limiting factor of ASE), But 
experimentally this has not been achieved due to small residual facet reflectivities 
and in the presence of finite facet reflectivities, signal waves have a longer optical 
path length due to multiple feedback. In general, the results of figure 5.22 are in 
line with the published results of reference-8 (figure 5.5).
53.2.2. Temperature dependence of the gain
The dependence of the peak emission wavelength on temperature was used to 
obtain the tuning of the resonance frequency of the AWOA in section 5.3.2.1.1 
and in this section, the temperature dependence properties of the AWOA are ana­
lysed. For this purpose, the experimental set-up of figure 5.11 was used and 
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tuned to maximum gain using the procedure of section 5.3.2.1.1. Maximum gain 
was achieved at a temperature of 20°C for the source laser and 18.7°C for the 
AWOA respectively. At maximum gain, the temperature of the AWOA was con­
sidered as optimum temperature (i.e. 18.7°C for UB262). Then the temperature of 
AWOA was varied around 18.7°C and the output of the AWOA was measured 
against the source laser current as a function of AWOA temperature for a constant 
level of pre-biasing. The optical signal gain was calculated at the each value of 
temperature using the procedure described in section 5.3.2.1.1. The same experi­
mental procedure was then repeated for the other devices. The results of measure­
ment of the relative optical gain against the AWOA temperature variation, AT are 
presented in figure 5.23.
It can be seen from figure 5.23 that the optical gain for all the devices 
depends upon temperature. In the case of the double-side facet coated device, 
UB259, the optical gain decreases by approximately 3dB if the temperature is 
increased or decreased from its optimum value (20°C in the case of UB259) by 
5°C due to a shift in the AWOA resonance frequency with the variation of the 
AWOA temperature. This value is in agreement with the reported value of 5°C in 
reference-8. In the FP type AWOA (UB262), the change in optical gain is more 
prominent because the FP type devices are highly temperature sensitive as compare 
to the NTW type devices (see table 3.1). Due to the higher temperature sensitive­
ness of the FP type AWOA, the temperature must be controlled to within [EQUA­
TIO N ]^ to maintain the maximum optical gain.
The dependence of the optical gain for the single side A.R. coated devices 
(UB258A and UB258B) lies between that of the FP and NTW type AWOAs (as 
the rate of the change of peak emission wavelength in these devices lies between 
uncoated devices and double side coated devices (table 3.1)). Table 5.2 summarises 
the effect of temperature variation on the optical gain for the different devices.
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Table 5.2. The effect o f temperature variation on the relative gain at the source














UB262 18.7 2.0 0.5 2.5
UB259 20.0 4.6 5.0 9.6
UB258A 20.65 2.5 3.0 5.5
UB258B 19.35 2.6 3.3 5.9
It can also be seen from figure 5.23 and table 5.2 that the temperature 
dependence of the gain of all devices except UB262 (FP AWOA) is approximately 
symmetrical around the optimum temperature of a particular device. UB262 shows 
asymmetrical temperature dependence behaviour. This can be explained as follows: 
At lower temperatures, the signal frequency does not match the resonance fre­
quency of the AWOA amplifier. As the AWOA temperature increases, the peak 
emission wavelength of the AWOA is pushed towards longer wavelength, until 
maximum gain value is reached. The carrier density in the active region decreases 
as the result of high optical gain. This leads to an increase in refractive index of 
medium causing the AWOA resonance wavelength shift towards higher wave­
length. This effect combines with the shift in wavelength with temperature of the 
AWOA (as the temperature of the AWOA continue to increase) and causes the 
cavity resonance wavelength to move sharply towards longer wavelength. A similar 
type of asymmetric effect has been observed by Nakai et al [37] in the FP 
amplifier by varying the wavelength of input signals. The asymmetric wavelength 
response of the amplifier has also been used to obtain the detuning characteristic 
of the optical amplifier to look at the bistability in laser devices [38]. Asymmetri­
cal tuning has not been seen in A.R. coated devices due to broader output 
spectrum which reduces temperature sensitivity of these devices.
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5.3.2.3. Frequency bandwidth
The signal gain G of an amplifier, with finite facet reflectances, depends upon 
the frequency of the incident signal v and the cavity resonance frequency v0. The 
effect of frequency mismatch between the input signal frequency and the amplifier 
resonance frequency has been demonstrated in figure 5.23. It can be seen from fig­
ure 5.23, that 3dB bandwidth of the gain versus temperature curve increases with 
the application of A.R. coating on the mirror facets. But this does not help to 
calculate the frequency bandwidth (which can be represented in terms of wave­
length as the spectral width or linewidth).
The 3dB frequency (FWHM) bandwidth of the output power of central 
longitudinal mode can be obtained from equation (5.7) by determining the fre­
quencies at which the gain of the system falls to half of its maximum value. This 
occur at frequency Av1/2 and defined as [14];
In figure 5.24, the ±3dB frequency bandwidth calculated from equation (5.28) 
is plotted against the signal gain for different devices. The FWHM frequency 
response of the Fabry-Perot device (UB262) is calculated as 5.95 GHz at 20dB 
signal gain. This value is higher than the reported value of 4 GHz for the FP 
amplifier [3] because in reference-3, the author has used a 300|i/n long device, 
which probably has increased the Q value of the amplifying cavity. In the single­
side coated device (UB258A and UB258B), the ±3dB frequency width is calcu­
lated as 20 GHz again at 20dB signal gain. This is 3.36 times larger than the FP 
device (UB262). Mukai et al [3] have reported an improvement of 1.8 times with
(5.27)
yielding a ±3dB spectral width
2 < V w j i
(5.28)
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the facet reflectivities of 6% and 30%. The improvement in our result is probably 
due to the lower facet reflectivity achieved in our case. The ±3dB spectral width is 
further increased in the double-side coated device (UB259) to 49 GHz at 20dB sig­
nal gain, which is 8.23 times larger than that of UB262 and 2.45 times larger than 
UB258 (A or B). This increase in ±3dB frequency bandwidth is due to the 
reduction in the Q-factor of the device.
The summary of results plotted in figure 5.24 along with root gain bandwidth 
product, a/G B at the different level of the optical gain is given in table 5.3. It is 
clear from figure 5.24 and table 5.3 that ±3dB frequency bandwidth increases with 
a reduction in the signal gain and at 5dB signal gain, 3dB bandwidths of 590, 240 
and 70.5 are achieved for UB259, UB258 and UB262 respectively.
Table 5.3. Summary o f results plotted in figure 5.25.
Device number UB262 UB258 (A or B) UB259












5 70.5 157.64 240 536.66 590 1319.3
10 31 98.03 103 325.71 250 790.57
15 13.1 50.74 43 166.54 104 402.79
20 5.95 48.88 20 89.44 49 219.13
25 2.7 13.5 8.3 41.5 21 105
5.3.2.4. Gain dependence of the polarization
The gain of an amplifier is strongly dependent on the polarization of input 
signals because the single pass gain for the TE and TM modes are different in the 
active medium. For the TWA or NTWA this effect is due to the difference in 
confinement factor for TE and TM modes, but for a FP amplifier (also to some 
extent the NTW device) the facet reflectances are different for TE and TM modes. 
In a typical laser geometry, the output radiation is normally polarized parallel to 
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Figure 5.24. The 3dB bandwidth of central longitudinal mode for different 
devices.
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due to higher reflectivity. In section 5.3.2.1.1, the gain of the TE polarization was 
measured and the gain dependence of the polarization of the AWOA was investi­
gated by mounting the source laser in transverse direction rather than in lateral 
direction. This arrangement was used to excite the TM polarization instead of the 
TE polarization. In this case, the AWOA is subjected to input light which is 
predominantly polarized perpendicular to the junction plane.
The gain measurement process which was adopted for TE polarization was 
repeated for this case of orthogonal mounting. Figure 5.25 to figure 5.28, shows 
the light output of the AWOAs against the transversely mounted source laser drive 
current Figure 5.29 through figure 5.32 gives comparisons between the TE and 
TM modal gains under same conditions for UB262, UB259, UB258A and UB258B 
respectively. Although all these devices show the polarisation dependence of the 
gain, the effect is highest in the FP AWOA (UB262) because UB262 is a resonant 
type AWOA and TE modes are favoured inside resonant cavity because of the 
difference in the facet reflectance for the TE and TM modes. The polarization 
dependence of gain is reduced in the A.R. coated devices but because of the finite 
facet reflectances and mainly due to difference in the confinement factor of both 
polarizations there is some residual polarisation dependence. In all cases, the 
difference between TE and TM mode increases further with the increase in AWOA 
current probably due to the difference in the rate of change of TE and TM mode 
spectra with increasing current.
The polarisation sensitivity of the gain due to the facet reflectance can be 
eliminated by applying multilayer coatings to the laser facet [39]. Several 
approaches have been proposed to eliminate the difference between the difference 
in the TE and TM mode confinement factors, such as; introduction of a thick 
active layer [40,41,42], orthogonally aligned two-amplifier configuration [43], 
separate confinement geometry [28] and the introduction of strained layers into the 
MQW active region of a MQW amplifier [44]. The last three approaches could not 
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Figure 5.25. AWOA UB262 output power versus the source laser current as a 
function of the AWOA prebiasing (TM polarization).
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Figure 5.26. AWOA UB259 output power versus the source laser current as a 
function of the AWOA prebiasing (TM polarization).
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Figure 5.27. AWOA UB258A output power versus the source laser current as a 
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difficulties. A combination of thick active layer and polarization insensitive multi­
layer coating could meet the simple design requirements. But such a structural 
design would degrade the saturation and noise performance because it cannot 
operate at large material gain coefficients [1]. Also, the thermal effects cannot be 
ignored because the thick active layer would be operated at higher levels of 
current. Thermal effects can be minimized by increasing the A1 content in the 
active layer, but this then shifts the peak emission wavelength towards lower 
wavelength.
From the above discussion, it can be deduced that in OICs construction, 
where relatively simple design is an essential requirement, the differences between 
Tte and Ttm is expected to play major role in polarization dependence characteris­
tics rather than facet reflectivity [8] as facet reflectivities as low as 3X1 O'5 can be 
achieved [7].
5.3.2.S. Noise contribution
The noise performance of a semiconductor optical amplifier is one of the key 
parameters affecting its performance. In equation (5.15), the noise variance depends 
upon the contribution of the individual noise sources and the contribution of each 
noise source depends upon the equivalent noise bandwidths of the spontaneous 
emission shot noise and the beat noise between spontaneous emission components, 
AVi and Av2 and also the input power. The optical input to the AWOA have 
already been measured by using an AWOA as an AWOD. In order to calculate the 
contribution of each noise source in equation (5.15), the equivalent noise band­
widths AVj and Av2 had to be calculated and they were calculated for the central 
longitudinal mode using equations (5.18) and (5.19). The calculated values of the 
equivalent noise bandwidths, Avx and Av2 of the central longitudinal mode are 
plotted in figures 5.33-5.36 for UB262, UB259, UB258A and UB258B respect­
ively. In all cases (figures 5.33-5.36), AVj and Av2 decrease with an increase in the 





































10 15 200 5 25
Signal gain (dB)










0 105 15 20 25 30 35
Signal gain (dB)









Figure 5.35. Equivalent noise bandwidths Av, and Av2 for UB258A.
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Figure 5.36. Equivalent noise bandwidths Av, and Av2 for UB258B.
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The results of figures 5.33 through 5.36 represent the equivalent noise band­
width for the central longitudinal mode. As a multi-wavelength source was used 
through out this research and AWOAs were operated below threshold level, 
therefore, the equivalent noise bandwidth will be higher for several longitudinal 
modes (in the range of 20GHz to lOTHz [3], as the number of longitudinal modes 
experience gain will be higher in equations (5.17) and (5.18) because the multi-wa­
velength laser source was used during the investigation). For the measurement of 
the total value of Avx and Av2, the total number of longitudinal mode and the gain 
of each mode has to be known. The gain of each mode cannot be measured accu­
rately due to the superimposition of closely spaced longitudinal modes. However, 
Avt and Av2 can be reduced to an equivalent of 3dB frequency bandwidth using a 
narrow band optical filter as to select the central longitudinal mode for all devices 
from which its gain can be measured.
In figures 5.33 through 5.35, Avx is wider than Av2. This is in line with the 
results of reference-3. But for the case of UB258B (figure 5.36), Av2 is wider than 
Avx probably due to the higher value of locally generated and amplified sponta­
neous emission at the output facet due to the low output facet reflectivity. As the 
bias current to UB258B increases, then the difference between Avx and Av2 
becomes larger. This evidence supports the argument that the higher value of Av2 
is due to the lower output facet reflectivity because as bias current increases, the 
ASE increases and so too does Av2.
The dominant noise components depend upon the particular application and 
the system gain. Generally beat noise components dominate the shot noise compo­
nents [1,12,29]. The contribution of the beat noise components was investigated by 
calculating the relative noise power of each component (the relative noise power is 
defined as the noise power generated with IQ resistance per unit bandwidth (figure 
5.23)). Figure 5.37 shows the contribution of the signal-spontaneous beat noise 
components and the spontaneous-spontaneous beat noise components in terms of 
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noise components dominate the spontaneous-spontaneous beat noise components, as 
was assumed in section 5.2.3.4, and has been demonstrated by several authors [13, 
45,46]. In all cases, the relative noise power for UB258B is higher than the other 
devices due to the higher value of the spontaneous emission at the output facet 
because of low output facet reflectivity when compared to the input facet reflectiv­
ity.
Since the signal-spontaneous beat noise components dominate the 
spontaneous-spontaneous beat noise components, equation (5.23) was used to 
evaluate the noise performance of different devices. The noise figure, F was calcu­
lated from equation (5.23) is plotted against the signal gain as a function of facet 
reflectivities in figure 5.38.
In figure 5.38, the devices with differing facet reflectances show maximum 
and minimum values of F. The device with the low input reflectance has the 
lowest value of noise figure, whereas the device with high input facet reflectivity 
exhibit highest noise figure. This is because the excess noise factor, % strongly 
depends on the input facet reflectance (equation 5.16). This argument can be 
further supported by looking at the difference between the noise in symmetrical 
cavity devices, where UB262, a FP device, shows a higher contribution of the 
noise than that of the NTWA (UB259). Differences between the noise figures for 
both devices at the same signal gain is obtained by extrapolating UB262’s noise 
curve. This gives a difference of 2.5-3.0 dB.
The above discussion reinforces the argument that the excess noise contribu­
tion, x  is the main reason behind a higher value of noise. The excess noise con­
tribution can be suppressed by optimising the material and structural parameters 
such as by using asymmetrical facet configuration with lower Rj and higher R2. 
However, the introduction of this type of asymmetrical facet configuration would 
generate a considerable amount of backward travelling flux. This probably could 
worsen the dynamic behaviour of the amplifier and certainly the amplifier band­
width (chaotic dynamics in the active waveguide is discussed in chapter-6).
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5.3.2.6. Input-output characteristics of A WO A
The local carrier density within the active layer of the AWOA decreases 
along the length of the device with the injection of an external optical input sig­
nals due to the growth of the photon density and the increase in stimulated 
recombination and complex refractive index changes accordingly. This gives rise to 
gain saturation effects and this nonlinear coupling mechanism gives rise to nonlin­
ear input/output characteristics. This produces harmonic distortion if the optical 
carrier is modulated with either data or a sine wave [47,48]. The input/output 
characteristics of the locally pumped active waveguide has been investigated theor­
etically in reference-47. The purpose of this section is to demonstrate the nonlinear 
relation between the input and output of the locally pumped butt-coupled AWOD 
experimentally.
The input/output characteristics of the AWOA were measured by adopting the 
procedure of reference-47 and to best of our knowledge, this is a first attempt in 
this regard. For this purpose, the experimental set-up of figure 5.11 was used, but 
instead of using the fast detector at output, the LAD was used close to the back 
facet of AWOA. Investigations began with device UB262. UB262 was tuned to 
maximum gain and after achieving maximum gain, UB262 was electrically biased 
to transparency for an optical input power, P^ of lmW. Then the input power was 
varied and the AWOA bias current was kept constant at 50mA (the transparency 
level of lmW of input power). Later the net optical input power to the AWOA 
was plotted against the AWOA output power. The same experimental procedure 
was then repeated by altering the temperature of the source laser by 5°C around 
the both side of the optimum temperature (temperature where the optical gain was 
maximum). This gives a peak input wavelength variation of ±1.225«m. The 
input/output characteristics are plotted in figure 5.39 as a function of the source 
laser temperature for UB262. A similar experimental procedure was repeated for 
the other devices and the results are presented in figures 5.40 to 5.42.
All devices show a nonlinear input/output response, as predicted in
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reference-47. In UB262, the nonlinearity is the strongest of all the devices tested at 
high temperature of the source laser. This can be explained as follows; as the tem­
perature of the source laser increases, the peak emission wavelength of input radi­
ation shifts towards the longer wavelengths. As the source laser biasing current 
increases, the peak wavelength of input radiation moves towards shorter 
wavelengths until it is tuned to the AWOA cavity resonance, resulting in an 
increase in the population inversion parameter, nsp. This depletes the cavity gain 
and appears as a saturation of the output of the AWOA due to the asymmetric 
detuning effect described in section 5.3.2.2. This can further be explained by look­
ing at the results of UB259 (figure 5.40). The nonlinearity of the input/output char­
acteristic increases smoothly with the increase in the source laser temperature (i.e. 
output of AWOA increases with the decrease in temperature at constant input 
power below transparency level) due to reduced temperature sensitivity and sym­
metrical temperature behaviour (figure 5.23, solid line) as a result of A.R. coating. 
This is in fact closer to the theoretical predictions. This can be described as 
follow; when the UB259 is subjected to multimode input radiation, several longi­
tudinal modes experience the gain and any reduction in the gain of one mode due 
to the change in input peak radiation wavelength, is compensated by other closely 
oscillating modes due to wide wavelength response of that device. Therefore, the 
overall change in output response stays small and the nonlinearity in the input/out­
put characteristic follow the theoretical predictions.
Also here the device UB258 shows dual input/output characteristics due to 
the difference in input and output facet reflectances. On the one hand, UB258A 
shows strong nonlinearity, similar to the nonlinearity found in UB262. However, in 
this case, the strong nonlinear behaviour is expected to be due to a increased exter­
nal feedback as a result of low input facet reflectance rather than temperature 
sensitivity because this device (UB258A) has shown low temperature sensitivity 
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Figure 5.40. The input/output characteristics of AWOA UB259 biased to trans­








20 0.5 1 1.5
Input power (mW)
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Figure 5.42. The input/output characteristics of AWOA UB258B biased to trans­
parency of lmW (TE polarization).
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minimum probably due to a comparatively low influence of the input power on the 
output power (see figures 5.15 and 5.28) as a direct consequence of low facet 
reflectivity of the output facet.
5.4. Summary
In this chapter, the properties of AWOA have been investigated experimen­
tally by using the existing theoretical background of external optical signal amplifi­
cation in semiconductor laser amplifiers in terms of material and structural 
parameters.
The investigation started with the FP amplifier. The very high Q factor of FP 
cavity makes its very sensitive to changes in temperature, bias current, signal 
polarisation and signal frequency fluctuations. Also the signal gain is limited due 
to low optical output power saturation. It is a well established fact that the applica­
tion of A.R. coating suppresses the internal feedback and the amplifier can be 
operated to higher optical output powers as a linear amplifier. Amplifier equations 
were then derived which were applicable to both the FPA and NTWA by allowing 
finite facet reflectances.
The signal gain of the AWOA (in hybrid configuration) was calculated by 
using the amplifier equation and the AWOA saturated output characteristics. For 
this purpose, a simple relationship for coupling of input radiation was established 
and a coupling efficiency of 12.86% was achieved using x20 (NA=0.45) lens. The 
coupling efficiency could have been increased by using x20 lens with a NA=0.54 
or x40 lens, but the former lens was preferred because of the flexibility offered by 
having a larger working distance. The saturation limit of the optical input power 
which led to the saturation of the output power, was estimated by using carrier 
induced nonlinear phenomena in the active medium. Optical signal amplification as 
high as 31dB and 21dB was achieved in the NTWA and FPA respectively before 
significant saturation occurred. An increase in signal gain in the NTWA was the 
direct consequence of A.R. coated facets which has suppressed internal feedback.
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The asymmetrical facet devices, UB258A and UB258B, showed differences in their 
amplification characteristics with a peak gain difference of around 6dB, which was 
attributed to differences between their input and output facets reflectances.
The signal gain in all devices was found to be temperature dependent The 
temperature dependent sensitivity of the AWOA was found to reduce with a reduc­
tion in facet reflectivities. In the FPA, asymmetric detuning has been observed 
which could have been used to draw the detuning characteristic of the FP device. 
Unfortunately the source laser which was used during this work was a multi-wave- 
length source and for the determination of detuning characteristics, a single wave­
length source would be required before this technique can be properly applied.
The 3dB frequency bandwidth (spectral linewidth) of the central longitudinal 
mode was calculated as a function of the signal gain for each device by consider­
ing the frequency mismatch between the 3dB comer frequency of central longitudi­
nal and the AWOA cavity resonance. The application of A.R. coating on the 
mirror facet was found to increase the 3dB frequency bandwidth considerably due 
to the reduction in the Q value of amplifying cavity. At 20dB signal gain, FWHM 
frequency bandwidths were measured as 5.95, 20 and 49GHz for UB262, UB258 
and UB259 respectively. These values are better than previously published values.
The polarization dependence of the optical gain was demonstrated by chang­
ing the mounting position of the source laser in such a way that the incoming radi­
ation was likely to excite the TM modes in the AWOA. The gain of the amplifier 
to both polarizations was compared. It was found that the optical gain of the FP 
AWOA was highly sensitive to the polarization of the input signal but A.R. coated 
devices were much less sensitive to the state of the input signal polarization. In the 
A.R. coated devices, especially in UB259, the polarization dependence of the 
optical gain was reduced but was not totally eliminated. It was concluded that in 
this case the main difference in gain was due to the different confining factors for 
the two polarizations. The difference between Tr£- and VTM can be minimized by 
using a thick active layer with multilayer A.R. coatings.
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The noise contribution in the AWOA was discussed and the contribution of 
the mode partition noise was considered to be insignificant in our case because the 
mode partition noise is expected to play a major role in the noise characteristic of 
the single wavelength system and during work presented in this thesis, a multi-wa­
velength source laser was used and no optical filtering process was used at the 
output of the AWOA. The shot noise was found to be unavoidable. Among the 
beat noise components, the spontaneous-spontaneous beat noise can effectively be 
reduced by using a narrow band optical filter at the output However, the introduc­
tion of a narrow band optical filter at the output could introduce mode partition 
noise and the penalty imposed by the mode partition noise increases as the filter 
bandwidth gets narrower. At the higher value of the signal gain, the sponta­
neous-spontaneous beat noise components are dominated by the signal-spontaneous 
beat noise components. Since the signal-spontaneous noise cannot be removed 
because this noise is associated with amplified signals, it was found to play a lead­
ing role in noise performance of an AWOA (this would be the case in monolithic 
integrated AWOA). The realisation of fact that the signal-spontaneous is the main 
performance limiting noise source led to the derivation of a simple relation for the 
noise figure to analyse the noise performance of the different devices. UB258A 
(device with low input facet reflectance) was least effected by noise whereas 
UB258B (device with high input facet reflectance) was worse effected by noise. 
This was due to the higher value of the noise enhancement factor, % associated 
with UB258B because the noise enhancement factor, % strongly depends upon the 
input facet reflectance.
The symmetrical facet structure devices, UB262 and UB259 were shown to 
have the lower value of noise factor and the difference between noise contributions 
was found within the range of reported values. Among symmetrical facet devices, 
the FPA also generates a considerable amount of backward travelling flux and the 
NTWA is highly susceptible to the reflections from outside due to lower facet 
reflectivities. Therefore, the effect of back reflection along with the detuning effect
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appear due to the injection of the external signal is considered in next chapter. 
However, in the hybrid approach, the effect of back reflection can be avoided by 
introducing an optical isolator between the source laser and the AWOA.
The underlying non-linear mechanism in locally pumped AWOA was ana­
lysed by measuring the input/output characteristics of the different devices. A con­
siderable nonlinearity between the input and output of the AWOA was found. 
Nonlinearity was stronger in the FPA as a direct consequence of higher wavelength 
sensitivity of that device. UB258A was also shown to have a considerable amount 
of nonlinearity which was probably due to the unwanted reflection from outside 
because low input and high output facet reflectances. The input/output characteris­
tics of UB258B were some how independent of input power due to high input 
facet and low output facet reflectivities. The result of UB259 were found to be 
closer to the theoretical prediction of reference-47. In all cases, the input/output 
characteristics were found to be influenced by the multi-wavelength input radiation. 
This problem can only be solved by using single wavelength source laser and this 
would reveal the real behaviour of underline non-linear mechanism in the AWOA.
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Chaotic dynamics of active waveguide components
6.1. Introduction
The source and amplifier devices considered in this thesis have been butt- 
coupled to each other. In this case, additional feedback can take place because the 
devices are not isolated from each other. Therefore, the effect of multiple-feedback 
on the different operating characteristics of different components needs to be con­
sidered very carefully.
Suppose an optical amplifier is integrated with a lasing source on a single 
substrate (as in UB136) and is subjected to an external input from the lasing 
source. The etched facet of the optical amplifier can act as an external mirror to 
the incoming light beam. The gap between the two etched facets can work as an 
external cavity. As the optical amplifier is also forward biased to overcome the 
losses, it is possible optical feedback can occur from the lasing source to the 
amplifier via the etched facet. The involvement of a number of different wave­
length components creates a number of interesting phenomena, including frustrated 
instabilities [1,2]. These instabilities in the semiconductor laser systems can give 
rise to a complex but predictable behaviour called chaos which can be clearly dis­
tinguished from noise since the later is random in nature.
In this chapter, frustrated instabilities and chaos are discussed further. 
Frustrated instabilities are demonstrated experimentally for the first time in this 
chapter. During the investigation of frustrated instabilities and the chaotic dynami­
cal behaviour of the butt-coupled active waveguide optical amplifier, UB136 is 
used but due to the net losses in that device, the hybrid approach was used later 
on. In the hybrid approach, the two laser devices were butt-coupled to each other
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through an optical lens system, as before. When two laser devices are used in a 
hybrid configuration, the amount of back reflection and hence the influence of the 
external cavity can be monitored by deliberately tilting either the amplifier or the 
source laser. In this way the detuning of the optical amplifier can be achieved.
The investigation begins with the consideration of the rate equations corre­
sponding to the carrier and photon densities in section 6.2 for a laser. Section 6.3 
deals with the non-linear behaviour and chaos in the laser diodes. This section also 
discusses ways of generating self-sustained pulsations in a laser system, and par­
ticularly in integrated active waveguide amplifiers. In section 6.4, the basic theory 
of frustrated instabilities in semiconductor lasers is established. Section 6.5 consists 
of the main body of the experimental results which have been achieved using the 
hybrid approach. In section 6 .6 , the experimental results are compared with the 
available theory. As usual, this chapter ends with the summary of the main points 
in section 6.7.
6.2. Rate equations
The dynamic behaviour of lasing devices is very complex. The best available 
example is the phenomena of relaxation oscillation in lasers which is usually 
attributed to the interaction between the carrier concentration and the photon den­
sity. The dynamic behaviour is governed by two rate equations: i). for the carrier 
concentration and ii). for the photons concentration [3,4];
dN J d2N N(t)—  = —r+D — ---- — ~G(N)S (6.1)




G (N )-± - S + P—  (6.2)
where N  is the carrier density, J  is the current density, e is the electron charge, d3 
is the thickness of the active region, D is the diffusion constant, S is the photon
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density, x, is the spontaneous lifetime, %p is the photon lifetime and p is the spon­
taneous emission factor. G(N) is the net rate of stimulated emission and defined as;
G{N) = Tvgg{N) (6.3)
here vg is the group velocity and g(N) is the local gain.
The first term on the left hand side of equation (6.1) describes the increase in 
the carrier concentration within the active region due to the injection of carriers 
(the rate of pumping, P). The second term accounts for the decrease in the carrier 
concentration due to carrier diffusion within the active region. The last two terms 
govern the rate of spontaneous recombination (both radiative and non-radiative) 
and the rate of stimulated recombination respectively. On the other hand, the two 
terms on the left hand side of equation (6 .2 ) take into the account the increase of 
the photon density due to stimulated and spontaneous emissions.
Carrier diffusion can play an important role depending on the waveguide 
structure, but it complicates the analysis. For the case of an index-guided stripe 
geometry laser, where the active region dimensions are small compared to the 
diffusion length of the carrier, the carrier density does not vary significantly in the 
region of maximum optical emission. Hence this term is ignored here and equation 
(6 .1) re-written as;
^ -  = P - ^ - G ( N ' ) S  (6.4)d t zs
where N ' is an effective carrier density which takes into account the effect of 
diffusion.
6.3. Chaos in Semiconductor lasers
In certain cases, the steady-state solution of rate equations (6.4) and (6.2) 
cannot be achieved due to the inability of the gain to react quickly enough to the 
perturbation in the optical field of the cavity. In this case, one deals with a 
dynamic problem whose solution has the form of self-sustained pulsations (SSP).
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SSP is a major obstacle to the application of semiconductor lasers in ultra-high fre­
quency applications and it is undesirable in optical communication systems and in 
OICs. The elimination of this phenomena must be achieved. However, it is now 
well established that the existence of SSP may represent one form of quite general 
complex dynamical behaviour related to the appearance of optical chaos in semi­
conductor lasers. Therefore, SSP has been used in the past for the investigation of 
the chaotic behaviour of laser systems [5-8].
Normally, SSP is not expected in the semiconductor laser due to the fast 
intraband relaxation rate. But SSP can be achieved by introducing some external 
effects, such as;
1. modulation of the pumping currents.
2 . feedback of the output by an external cavity.
3. injection of external signals.
SSPs in semiconductor lasers have already been demonstrated, both theoreti­
cally and experimentally using the first two approaches [9,10]. SSP has not been 
achieved yet using the last approach but has been predicted by Otsuka et al [11]. 
In all three approaches, the essential requirement is the existence of two fre­
quencies which characterise the nonlinear dynamics of the device. One of these 
frequencies is the intrinsic frequency of the system co0 and the second is the 
external forcing frequency cof. The ratio between the two frequencies is defined as 
the winding number [12];
If the winding number takes a rational value p/q, where p  and q are integers, 
the output pulsation frequency can lock to harmonics or subharmonics of the 
modulation frequency.
The above approach assumes only one degree of freedom, but in butt-coupled 
devices, the feedback of optical radiation and the injection of the external signal 
can be achieved simultaneously and this provides two degrees of freedom. In the
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case of butt-coupled active devices, equation (6.5) is invalidated because of the 
involvement of more than two frequencies and this results in frustrated instabilities 
which will be discussed in the next section.
6.4- Frustrated instabilities
Although the existence of frustrated instabilities has been reported in refer­
ences 2 and 3, it has, as yet, received very little attention from researchers. There 
has never been any reported work (theoretical or experimental) on frustrated 
instabilities in semiconductor-based laser systems. It is the purpose of this section 
to create a basic theoretical background which could be used for further investiga­
tions.
The phenomenon of frustration instabilities appears when two stable states of 
a system are possible. The existence of two frequencies result in the frustration of 
one or the other. These instabilities originate from the interaction of the carrier and 
photon densities and the dependence of the medium refractive index on the carrier 
concentration.
As this study is concerned with the investigation of butt-coupled active wave­
guide components, these instabilities can be better analysed using a coupled-cavity 
scheme, as shown in figure 6.1 rather than the monolithically integrated approach.
In figure 6.1, the two active cavities are coupled to each other through a 
passive cavity. Suppose cavity-1 acts as a lasing source and cavity-2 as a wave­
guide amplifier. The air gap between the two cavities forms a FP cavity. The inter­
cavity coupling between cavity- 1 and cavity-2  provides an optical loss and there is 
also a phase shift while the wave transverses the gap. The fields are related by the 
scattering matrix as [4,13];
(6.6)
or
Ex - C nEx + CnE2 (6.7)
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where Ex, E2, Ex and E2 are the electric field components. Cn , C12, C21 and C22 are 






where r2 and r3 are the amplitude reflection coefficients of the two facet forming 
the gap. tg is the complex round-trip transmission coefficient and is defined as;
here is the complex propagation constant in the gap and account for phase shift 
and losses in the gap. Lg is the gap length. The gap between r2 and r3 is physically 
replaced by an interface whose effective reflection coefficients are C12 and C21 
from cavity-1 to cavity-2 or cavity-2 to cavity-1. The strength of mutual coupling 
can be defined as;
where 0  is the external or coupling phase angle.
The same scheme can be applied to the two independent laser devices 
coupled to each other through optical lenses as shown in figure 6.2  by neglecting 
the reflection losses due to lenses, as they can be made to have very low reflection 
losses. In this case, coupling between the two devices and also the facet reflec­
tance can be altered using A.R. coating on the laser or amplifier facets. By con­










Figure 6.3. The schematic of the experimental set-up used for the investigation of 
monolithic integrated devices.
investigated more thoroughly and independently.
The system of figures 6.1 and 6.2 can be considered as an AWOA coupled 
with a lasing source through an external cavity and the AWOA is subjected to an 
external input and optical feedback, as shown in figure 6.3. Taking into account 
the fact that the reflected and external injected signal share the same gain medium, 
they are also subjected to the dispersion effects where phase detuning plays a 
major role. Therefore, the number of rate equations can be extended to include the 
phase detuning effects, and the system is governed by the following equations
where S J £ |2, C0o is the intrinsic frequency of the gain medium, co, represents the 
injected frequencies which is the combination of external signals from the laser 
source and multiple-feedback frequencies. The dependence of G and C0o on N  is
the carrier density as a result of interaction between N  and 5 in the medium. The 
injected carrier density decreases with the injection of the external optical input 
while the refractive index increases accordingly. As a consequence, the gain in the 






dQ— = co -  go* -  co dt —  sin0E0 (6.16)
due to the fact that the active region refractive index changes with the variation in
where Nth is the injected carrier density at threshold.
The injected carrier locking of external carrier modes and the AWOA cavity 
modes strongly depends on the detuning of the AWOA cavity and it is defined by 
the normalized detuning parameter, A, as [11];
A = ef f [ C 0 , - C 0 o ( W r t ) ] t (6.18)
L n j
where Neff is the effective refractive index.
A stability diagram obtained by Otsuka et al [11] using equation (6.18) is 
shown in figure 6.20. This figure will be used to compare the experimental results 
with theory in section 6 .6 .
6.5. Experimental results
Chaotic dynamic behaviour in many different types of system is the subject 
of intense study due to its potential application in the better understanding of non­
linear control systems. The additional feedback which takes place between the two 
butt-coupled active devices and the injection of the input signal can generate 
considerable amount of non-linearity in an optical system. This section is devoted 
to the experimental investigation of the non-linear response of the active wave­
guide. At the start of this experimental investigation, the monolithic approach was 
attempted to characterise the non-linear dynamical response of the AWOA. But, 
the non-vertical etched facet geometry, the limited coupling of external signals and 
the net loss in all segments (since none of the segments was lasing) prevented any 
significant non-linear effects from being achieved.
As no evidence of non-linearity was seen in the monolithic device, the main 
efforts were devoted to the hybrid approach to investigate the chaotic dynamics in 
the AWOA. In this section, the details of the experimental work carried out for the 
hybrid case is provided.
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6.5.1. Effect of external signals
The experimental set-up for the investigation of the chaotic dynamics in the 
hybrid approach is shown in figure 6.4. UB238 and UB262 were used as the 
source laser and the AWOA respectively. The source laser and the active wave­
guide optical amplifier were aligned using the alignment technique described in 
section 4.7.2.1 and the maximum gain was achieved by tuning the amplifier 
resonance frequency as outlined in section 5.3.2.1. Once the maximum gain had 
been achieved, the I-L characteristics were measured with: (a), no external input 
and (b). with external input at different levels of the source laser biasing currents. 
These results are presented in figure 6.5. It can be seen from figure 6.5 that the 
presence of the extra external facet and additional optical input from the source 
laser reduces the value of the lasing threshold of the FP AWOA but it also intro­
duces a kink [16]. Further increase in the external input power increases the dip of 
kink. As the external input is increased further, a second kink appears. These 
results indicate that the coupling of the external input can introduce nonlinear 
effects in the laser device. The injection of the external signals also cause an 
increase in the effective value of the active region refractive index and this can, 
therefore, provide the initial detuning (equation 6.18) which is necessary to gener­
ate the chaotic dynamics.
Because the FP AWOA is very sensitive to temperature variations, the 
temperature dependence of instabilities in I-L characteristics were also examined 
by measuring the I-L characteristics of the AWOA at fixed values of the external 
input power (the value of the external optical input which causes the maximum 
non-linearity in figure 6.5 (curve ‘d’)). Figure 6.6  shows the effect of temperature 
on the non-linearity of output. As the temperature increases, the lower kink starts 
to shift and the upper kink starts to disappear.





























Figure 6.4. The schematical representation of the experimental set-up for the 
hybrid approach.
Source laser arive current
OmA 80 mA
2.5 50 mA 110 mA
0.5
Current (mA)
Figure 6.5. The effect of externally injected signals on the I-L characteristic of the 
AWOA in hybrid mode as a function of the source laser current.
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Figure 6.6. The effect of temperature rise on nonlinear I-L characteristics caused 
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Figure 6.7. The effect of multiple-feedback on the AWOA (UB262) I-L character­
istics.
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external input can be identified from figures 6.5 and 6.6  and in future only that 
part will be considered as potentially suitable to obtaining chaotic dynamics of the 
device structure.
6.5.2. Effect of feedback
For the observation of feedback effects on the device characteristics, the 
experimental set-up of figure 6.4 was used. No bias to the source laser was 
applied. Maximum alignment was achieved using the source laser as a detector, as 
before. A manual shutter was inserted between the two laser devices. The amplifier 
laser (UB262) bias current was increased slowly well above the threshold value. 
The optical path between the two lasers was occasionally blocked. The effect of 
feedback was monitored by looking at the difference in the output of the detector 
when the optical path was blocked and when it was open. The difference between 
the two outputs was observed to be very small. The maximum feedback was 
achieved by manipulating the position of the AWOA. The I-L characteristics of the 
AWOA were measured in the absence and presence of optical feedback at that 
alignment. The results are plotted in figure 6.7. The alignment of the GaAs 
detector was again checked and found to be different than the previous value 
(when the two devices were aligned properly and the maximum alignment was 
achieved).
The effect of achieving maximum feedback on the maximum alignment was 
investigated by measuring the input to the source laser. For this purpose, a beam 
splitter was inserted between the source laser and the AWOA and the input to the 
source laser was measured using a large area detector (LAD) as shown schemati­
cally in figure 6 .8 . The output from the source laser, while used as an waveguide 
detector, and the LAD was continuously monitored. Figure 6.9 shows the output of 
the GaAs detector (using the source laser) against the output of LAD when both 















Figure 6.8. Schematic diagram showing arrangement used to measure the input 
optical power to the GaAs active waveguide optical detector.
40 60
Input to GaAs detector (a.u.)
Maximum alignment  B----
Maximum feedback
Figure 6.9. The effect of maximum feedback on alignment
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It can be seen from figure 6.9, that the output of the GaAs detector is lower 
when the feedback is at a maximum. Strictly speaking, the alignment should have 
not been changed but this happened probably due to a very slight tilt in one or 
both device mountings. Even though a reduction in the output of the GaAs detector 
has occurred at the maximum value of feedback, it does not affect the coupling 
efficiency significantly and the external input is still sufficient to cause instabilities. 
This can be seen in figure 6.10, where the I-L characteristics were measured at the 
maximum alignment and at the maximum feedback while the source laser biasing 
current was kept constant at a value where maximum non-linearity was achieved in 
figure 6.5.
6.5.3. Achievement of self-sustained pulsation
The experimental set-up of figure 6.4 was used here. Different laser devices 
(FP and A.R. coated devices) were used to achieve the self-sustained pulsation 
(SSP) in the active waveguide optical amplifier.
6.5.3.I. Achievement of SSP using FP amplifier
Once the alignment with maximum feedback (the alignment which gives 
maximum coupling of external input signal from source laser and feedback signals) 
had been achieved, the next step was to obtain self-sustained pulsation in order to 
look at the chaotic dynamics of the system. Initially, SSP were attempted by tun­
ing the AWOA resonance frequency by changing the temperature of the AWOA at 
constant AWOA and source laser biasing currents. Unfortunately this technique did 
not work.
The source laser biasing current was then varied to obtain an initial detuning 
while the AWOA drive current was kept constant at the value where kink in the 
I-L characteristic was observed, while maintaining a constant temperature of both 
devices. Detuning was further increased by deliberately tilting the AWOA by 
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Figure 6.10. The nonlinear response of the active waveguide optical amplifier as a 
function of alignment.
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although the amplitude of the train of SSP was small as shown in figure 6.11(a), 
taken from oscilloscope. At a high level of AWOA biasing current, the train of 
pulsations of figure 6 .11(a) was broken into more frequent pulsations, which was 
more chaotic at the end of the signal pulse, as shown in figure 6.11(b). This train 
of SSP was found to be very sensitive to any change in the position of the AWOA 
and the source laser bias and disappeared with a slight increase in the external 
input after showing signs of chaos.
By continuous manipulation of the source and AWOA biasing current, the 
position of the AWOA and the temperature of the AWOA, a clear train of 
self-sustained pulsations was observed (figure 6.11(c)). This train of SSP was 
obtained at the higher value of external input than that of figure 6 .11(a) and was 
not very sensitive to the external input but was still sensitive to the position of 
AWOA (since it was affecting the coupling of external signals and hence the feed­
back signal). An increase in the external input forces these pulsation to take the 
shape of chaos and then to disappear. With an increase in the AWOA bias level, 
the train of pulsations changed its shape to more frequent pulsations of figure 
6.11(d) as observed before. This train of pulsations was different to that of figure 
6 .11(b) however in the sense that this train of pulsations was not very sensitive to 
the external optical input and it had a larger amplitude.
The effect of this new position of the AWOA on the coupling efficiency was 
checked by measuring the output of the GaAs detector as before and the result is 
plotted in figure 6.12 along with the results of figure 6.9. A very small difference 
can be seen between the two alignments (the alignment at SSP and the alignment 
at maximum feedback). For future reference, this alignment is named as ‘optimum 
alignment*.
The train of pulsation in figure 6.11(a) represents one group of SSP and the 
train of pulsation in figure 6.11(c) represents second group of SSP. These two 
types of pulsation will be referred as type-1 and type-2  pulsations.
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Is=59.5 mA, Ia=65 mA 
(a)
Is=59.5 mA, IA= 110 mA
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Figure 6.11 (continue).
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Is=80 mA, IA= 110 mA
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Figure 6.11. The observation of the type-1 and the type-2 SSP in UB262; (a) &
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Figure 6.12. The effect of ‘optimum alignment’ on the coupling of input radiation.
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6.5.3.2. Achievement of SSP using A.R. coated amplifiers
After achieving SSP in UB262, it was replaced by UB259 (double-side coated 
device). The same procedure as the last section was repeated to achieve SSP in 
this device. Both types of SSP were observed for this device and are shown in fig­
ures 6.13(a) and 6.13(b). The type-1 pulsation was more visible unlike in UB262 
and the amplitudes of type-1 pulsation and type-2  pulsation were nearly equal due 
to the higher single pass gain of the device in the forward and backward direc­
tions. Here, the existence of the type-1 pulsation was more critical to the external 
input and the position of the AWOA than the type-2 pulsation. Both types of SSP 
were observed to disappear in a manner similar to UB262. In this device, the 
comb type pulsation was not observed but the appearance of subharmonics in fig­
ures 6.13(a) and 6.13(b) are quite clear.
Later, UB259 was replaced with UB258 (single side coated device) in such a 
way that the coated side was facing the source laser to act as the gain medium for 
the external cavity modes in order to have more influence on the feedback signal 
and the external optical input on the AWOA characteristics as chaos in the exter­
nal cavity laser can be achieved relatively easily. Similar experimental procedure 
was repeated to obtain SSP in UB258 as was in previous cases. Here also, the two 
types of SSP were observed in a similar manner to the above and results are 
shown in figures 6.14(a) and 6.14(b). The type-1 pulsation was similar to that 
obtained for UB262, but the type-2 pulsation obtained here, was different from that 
obtained in UB262 and UB259 because the appearance of subharmonics is not vis­
ible in figure 6.14(b). The type-2 pulsation was more periodic, frequent and 
exhibited a higher amplitude. This difference can be attributed to single side 
coating. The type-1 SSP disappeared in a similar way as reported before. The 
type-2  pulsation was observed to disappear through subharmonics (which takes the 
shape of chaotic pulsations).
It can be seen in figures 6.11, 6.13 and 6.14 that the type-1 and the type-2 
pulsations are 180° out of phase to each other. The type-1 pulsation rise very
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, 50 nS -----
Is=75.5 mA, Ia=72 mA 
(b)
Figure 6.13. The observation of the type-1 and the type-2 SSP in UB259; (a)
type-1 and (b) type-2 pulsations.
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Is=81 mA, Ia=82 mA 
(a)
Is=81 mA, Ia=85 mA 
(b)
Figure 6.14. The observation of the type-1 and the type-2 SSP in UB258; (a)
type-1 and (b) type-2 pulsations.
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rapidly and decay slowly. But in the case of the type-2 pulsation, the process is 
reversed. The difference in pulsation process in type-1 and type-2 pulsation can be 
explained by analysing a single pulse out of the train of SSP as shown in figure 
6.15. The inset diagram of figure 6.15 shows the main pulse. The AWOA is pre­
biased and it is subjected to incoming external signals which are tuned to the res­
onance frequency of the amplifying medium (AWOA) and a steady-state output is 
achieved at constant input and AWOA biasing current (point A). The AWOA is 
also subjected to multiple-feedback. As the AWOA bias current changes, the reson­
ance conditions of the AWOA also change. At a certain level, the feedback signals 
also satisfy the cavity resonance condition at point A in figure 6.15 (two stable 
solutions). At that point, the intensity of the feedback signals is small in compari­
son with the injected signals. As it travels along the cavity in the forward direction 
(z-direction), it experiences the gain along with the injected signals. This frustrates 
the amplification of the injected signals and reduces the photon density. As a 
consequence, the refractive index of the amplifying medium increases, which 
changes the phase relation between the intrinsic frequency of the amplifying 
medium, (0 o and the frequency of external injected signals, cOj. This decreases the 
effectiveness of the interference between co0 and Ofy and increases the band edge 
losses. This phase mismatch is continuous as the gain of feedback signal increases 
and appears as the exponential decay of the pulse. At the end of the slope (point 
B), the pulse wavefront is at the emission end, where it is mostly transmitted to 
the outside world.
The flux travelling in the backward direction faces a reverse mechanism as it 
travels along the optical cavity. In this case, due to a rapid build-up of the carrier 
density (due to the reduction in the feedback signal intensity because of the 
emission of photons at the emission end), a rapid increase in photon density takes 
place (point C). The carrier density depletes due to a high optical flux density and 
the optical gain decreases as a result. In the mean time, the gain of feedback fre­
quency components starts to build-up and which again frustrate the amplification of
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Figure 6.15. Forward and backward travelling fluxes in the AWOA butt-coupled 
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Figure 6.16. Figure showing schematically the existence of four frequencies.
externally injected signals. Once again the optical flux decays exponentially while 
it is travelling in the backward direction as explained above for the forward tra­
velling flux.
6.5.4. Involvement of more than three frequencies
The above discussion suggests that the two types of SSP arise from different 
types of feedback mechanism. This indicates that there may be four frequencies 
involved, which contradicts reference-17 which assumes three frequencies are 
involved. However, only three frequency components are expected to interact to 
give rise to frustrated instabilities at one time. This scenario is demonstrated in fig­
ure 6.16.
In figure 6.16, coG is the intrinsic frequency of the AWOA, CQj is the 
frequency of external signals from the source laser, CO2 is the feedback frequency 
originated between r2 and r3 and (O3 is the feedback frequency originating from 
multiple-feedback between r2 and r4.
At r3, frequency components 0)2 which satisfy the cavity resonance is small 
(since the effect of external injected signals is higher than feedback signals, see 
figures 6.5 to 6.7). Therefore they experience less gain than the injected signals. 
As the beam of light travels along the amplifying cavity, the gain at ©2 increases 
and results in the frustration of 0^  (frequency components of externally injected 
signals which satisfy the resonance condition of the cavity).
At r4, frequency component 0)3 has a relatively higher value as it has now 
passed through the AWOA cavity and the AWOA acts as the gain medium for 
these signals. In the active cavity of the AWOA, the backward travelling flux 
experiences a rapid build-up of carrier density, and hence photon density. How­
ever, the backward travelling flux also experiences a higher gain for the feedback 
frequency components. Therefore, the frustration of (Oj would naturally be higher 
as the value of 0)3 is expected to be higher, depleting the carrier density in the 
active layer.
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From the above discussion, and by comparing figure 6.15 and figures 6.11, 
6.13 and 6.14, it can be deduced that the type-1 pulsation is more likely to be the 
result of the frequency component 0)2 and the type-2  pulsation is probably due to 
the frequency component 0)3. This argument can be further supported by figure 
6.14, where the amplitude of the type-2 pulsations is higher than the type-1 pulsa­
tion because the single pass gain is higher in the backward direction than the for­
ward direction in UB258 (figure 5.21) due to the higher output facet reflectance 
than the input facet reflectance. A similar sort of effect can be seen in figure 6.11 
for UB262 which has a high output facet reflectance. However, in UB259, type-1 
pulsation also has higher amplitude. This can be explained as follow: due to the 
low input facet reflectance, the coupling of external signals (injected and feedback) 
is high. Also, due to the low output facet reflectances, this device exhibits the 
higher single pass gain (figures 5.5 and 5.22). This leads to the higher frustration 
of the frequency components C0j travelling in the forward direction because the 
relatively stronger feedback frequency components ©2 also experience a higher gain 
and appears as higher amplitude type-1 pulsation (figure 6.13(a)). The backward 
travelling flux in UB259 follows a pattern similar to the other devices (as 
explained before) and appears also as a higher amplitude type-2  pulsation (figure 
6.13(b)).
6.5.5. Routes to chaos
The periodic waveforms observed in the domain between stable and erratic 
(or chaotic) behaviour is referred to as route to chaos. In section 6.5.3, two types 
of periodic pulsation have been demonstrated. In all devices (with the exception of 
figure 6.14(b)), subharmonics are shown to exist, especially in UB262 which gives 
the hint that the route to chaos could be through subharmonics, the only route to 
chaos so far observed in semiconductor lasers [10,16]. In figure 6.14(b), the exist­
ence of subharmonics is not seen but this pulsation was still leading to chaos. This 
indicates that there could be another route to chaos in the active waveguide optical
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amplifier as Otsuka et al [11] has demonstrated for the case of detuned solid state 
amplifiers. This is the period-doubling route to chaos.
In this section, the subharmonic route to chaos and the period doubling route 
to chaos are demonstrated for the first time in the semiconductor optical amplifier.
6.5.5.I. Subharmonics route to chaos
The same experimental set-up of figure 6.4 was used for the investigation of 
the subharmonic route to chaos. UB238 was used as the source laser and UB262 
was used as the active waveguide optical amplifier. The output of the fast detector 
was fed to a spectrum analyser and a real time oscilloscope simultaneously. Typi­
cal results obtained from the oscilloscope and spectrum analyser are presented in 
the left and right column of figure 6.17. The output of the monochrometer was 
monitored as well and occasionally presented in the left column along with the 
output of fast detector on the same time scale to show any unusual effect In this 
case, the upper trace (in the left column) corresponds to the response of the fast 
detector and the bottom trace (in the left column) corresponds to the output of the 
monochrometer.
First of all, the type-2 pulsation was obtained because of their higher ampli­
tude and stability than type-1 pulsations. Once the stable train of SSP was 
achieved at 80mA and 65mA of the source laser and the AWOA biasing currents 
respectively, the source laser drive current was kept constant and the amplifier 
drive current was reduced to 55mA (where the train of SSP completely disap­
peared, as shown in figure 6.17(a)). At this instance, the output of the spectrum 
analyser shows three clear noise peaks which correspond to the intensity of the 
beat noise notes between the external cavity modes separated by;
L , = ~  (6.19)
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Figure 6.17. Observed subharmonics route to chaos in a AWOA. Left column: fast
detector response (upper trace) and output from the monochrometer (lower trace)
on time scale. Right column: power spectrum.
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where L is the length of the external cavity and here it was 39cm. For 7^,=39cm, 
is calculated as 385MHz.
Figure 6.17(b) shows the result at 65mA of the AWOA drive current. As can 
be seen from figure 6.17(b) (right column), subharmonics start to appear. In all 
cases, the relationship;
/ .= / !  + ( « ( 6 . 2 0 )
holds. Here n=l,2,3.
As the AWOA biasing increases to 90mA, the appearance of subharmonics 
becomes clearer, as figure 6.17(c) (right column) shows. Successive subharmonic 
oscillation up to the third subharmonic of the fundamental oscillations has been 
observed in the power spectra. The observed power spectra corresponds to f /m  
(where m and «= 1,2,3), as shown in figure 6.17. Successive subharmonics appear­
ing at frequency f / m  are the indication of real oscillations, not noise because the 
appearance of noise would always be random and the route to chaos is through 
periodical oscillation [18]. The fast detector output on the oscilloscope appears to 
take a chaotic shape and is also dominated by subharmonics. Also the output of 
the monochrometer is shown in figure 6.17(c) and this shows two peaks. This 
could be due to the coexistence of the two waves of different wavelengths and 
both of them satisfy the cavity resonance as indicated in reference-19.
At 110mA of the AWOA current, the output of the fast detector on the 
oscilloscope is changed to one or more frequent pulsations. Figure 6.17(d) shows 
the result at that particular level of biasing. The frequent pulsation is probably due 
to the generation of subharmonics as shown in the right column of figure 6.17 
where each sub-peak corresponds to the sub-harmonic of particular frequency com­
ponents (i.e. f ,  f 2f 3)- In the type-2 pulsation, this train of pulsations did not disap­
pear and this has kept the system in region-IH of figure 6.20. But for the case of 
the type-1 pulsation, the frequent train of pulsations disappeared after becoming 
chaotic in nature (figure 6.11(b)). This suggests that a route to chaos does exist 
through the subharmonic route in the semiconductor amplifier.
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6.5.5.2. Period doubling route to chaos
The period doubling route to chaos was investigated by using the experi­
mental set-up of figure 6.4 and the same experimental procedure of section 6.5.5.1 
has been used here. But UB258 was used as the AWOA while UB238 as the 
source laser because UB258 did not show the existence of subharmonic in figure 
6.14(b).
After achieving SSP, the bias current to the AWOA was kept constant at 
109mA. The source laser biasing current was reduced to 67mA (corresponding to 
the no pulsation value) from 80mA (the value for stable pulsations). Figure 6.18(a) 
shows the results. The source laser current was increased slowly and at 74mA mul­
tiple peaks were observed on the monochrometer output, and is shown in left col­
umn of figure 6.18(b) (lower trace). This is probably due to coherent collapse of 
the input radiation and indicates the presence of multiple wavelength oscillations 
which satisfy the AWOA cavity resonance conditions at the same time. The corre­
sponding output from the fast detector shows an unstable train of pulses with sub­
harmonics (figure 6.18(b), right column, upper trace). On the other hand, the 
spectrum analyser output shows the two intensity beat noise peaks of the external 
cavity separated from each other by /„„ as shown in figure 6.18(b). Many small 
peaks between the main peaks can be seen, and they correspond to different sub­
harmonics. These peaks can be seen more often at 80mA of the source laser bias­
ing current in figure 6.18(c) (right column) but two more main peaks embedded in 
the subharmonics appear halfway between the beat noise peaks. The output of fast 
detector on the oscilloscope shows a periodic pulsation and the output of the 
monochrometer is slightly noisy but generally smooth.
At a slightly higher value of the source laser biasing (85mA), the output of 
the fast detector on time scale shows the increase in pulsating frequency as shown 
in figure 6.18(d) (left column). It can be seen that at the end of the train of pulsa­
tion, the periodic pulsation becomes chaotic. The output of the monochrometer is 
not shown because it did not change from its previous position except that it was
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Figure 6.18. Observed period doubling route to chaos in a AWOA. Left column: 
fast detector response (upper trace) and output of the monochrometer (lower trace) 
on time scale. Right column: power spectrum.
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shifted slightly towards the left due to a shift in the gain curve as a result of the 
increase in UB258’s current. At the same time, the output of the spectrum analyser 
starts to become more chaotic. The half-frequency peaks start to disappear but the 
appearance of subharmonics do not change (figure 6.18(d), right column).
At 91mA, the train of pulsation almost vanishes and taken over by chaos as 
shown in upper trace (left column) of figure 6.18(e). The lower trace (left column) 
of figure 6.18(e) shows double waveforms due to the presence of more than one 
frequency satisfying the resonance frequency of the medium. A similar effect was 
seen in UB262 during the investigation of route to chaos through subharmonics.
At 100mA of source laser bias current, chaos completely disappears. Figure 
6.18 shows the existence of period doubling [6,7,11] (as period 7^=74^=2.597nS 
and at half frequency, time period ^ = 2 ^ = 5 .1 9 5 nS). The phenomena of period 
doubling can be explained as follows. As the external input increases, the refrac­
tive index increases accordingly and causes the asymmetrical scattering of injected 
stimulated signals into the modes with cavity resonance frequency (as the presence 
of more than one mode satisfying the cavity can be seen from figures 6.17(c), 
6.18(b) and 6.18(e)). The strong external spectral mode suppresses the weak inter­
nal modes effectively on the shorter wavelength side than on the longer wave­
length side. This gives the additional gain to modes at the lower frequency (higher 
wavelength) side [20].
This route to chaos looks to be more sensitive to the level of the external 
optical input The half-frequency peaks are probably due to the injection of exter­
nal signals. The presence of subharmonics along with frequency halving peaks is 
evidence of the coexistence of two routes to chaos in the semiconductor laser 
amplifier. They could also be due to turbulence, theoretically predicted in single 
side coated external cavity laser system [21]. These subharmonics are expected to 
be present as long as the effect of multiple-feedback persists.
It was observed that with an increase in the external optical input, SSP and 
chaos disappeared. This can be attributed to a change in the peak wavelength of
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the lasing source with the injection of carriers. At a particular biasing current to 
the source laser, the output from the source laser satisfy the resonance conditions 
of the AWOA. Also the resonance of the AWOA can be tuned by changing the 
temperature of the AWOA. This means that SSP can be achieved at different 
combinations of the source and AWOA biasing currents and temperatures. How­
ever, during the experimental work reported in this chapter, after achieving the 
optimum cavity tuning (tuning which gives maximum signal gain), the temperature 
was kept constant
6.5.6. Active waveguide response
The fast rise time of type-1 pulsations and the fast decay time of type-2 pul­
sations can be used to measure the response of the active waveguide. UB258 is 
found to be more suitable for measuring the active waveguide response because it 
gives clear periodic self-sustained response with high pulsating frequency and no 
subharmonic in figure 6.18(c). Therefore, UB258 was used to measure the response 
of the active waveguide. The experimental set-up of figure 6.4 was used but 
instead of using an ordinary oscilloscope, a high speed sample and hold oscillo­
scope with a 25ps Tektronix sampling head was used. After achieving a periodic 
train of SSP, the output of the fast detector was fed to the sampling and hold 
oscilloscope. The pulse response of the active waveguide was calculated by 
measuring the rise time of a pulse from the train of SSP as shown in figure 
6.19(a) and was calculated to be around 450pS. In the first instant, it was thought 
that this slow response was due to the bandwidth limitation of the cable connecting 
the fast detector and the sampling oscilloscope. So the experiment was repeated 
using a 12GHz semiflexible cable to connect the fast detector with the sampling 
oscilloscope. But the same response of around 450pS was obtained. The response 
time of the active waveguide must be smaller than that measured here as theoreti­
cally demonstrated in reference-22. Therefore this slow response time is more 
likely to be due to the bandwidth limitation of the fast optical detector.
280
(a)








Figure 6.19. The active waveguide optical amplifier pulse response; (a) UB258, 
(b) UB259 and (c) UB262.
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Similar experiments were repeated using UB259 and UB262 and results are 
shown in figures 6.19(b) and 6.19(c). Both figures give the same rise time and 
again support the argument that the slow response time of the active waveguide is 
due to the bandwidth limitation of the fast optical detector.
6.6. Comparison between experimental results and theory
As mentioned before, no theoretical or experimental work on frustrated insta­
bility has been reported so far, but there are a few theoretical models available 
which deal with this type of instability in the laser amplifier, and the model by 
Otsuka and Kawaguchi [11] is one of them. They have predicted and demonstrated 
instabilities in an LiNdP40 12 optical amplifier subjected to only external input sig­
nals. They divided their operating characteristics into four regions, depending on 
the detuning of a system, as;
1. a bistable region with hysteresis
2 . a stable lock-in region without bistability and instabilities
3. a dynamically unstable region having pulsating solution
4. a self modulating stable region outside the lock-in range.
Figure 6.20 shows the stability diagram showing all four regions obtained by 
using equation (6.18) [11]. This diagram can be used to explain some of the 
experimental results presented in this chapter.
Unfortunately, bistability could not be achieved during the experimental work 
probably due to the two main reasons;
a. No optical isolator was used between the two laser devices because we 
were mainly concerned with the investigation of the frustrated instability in butt- 
coupled integrated components. As a consequence, feedback effects could not be 
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Figure 6.20. The stability diagram of an injection laser amplifier [11].
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b. Here a multimode laser source was used whose peak emission wavelength 
was a function of temperature and drive current. For the observation of bistability, 
a single wavelength tuneable laser source is required to satisfy the resonance 
conditions of a single wavelength [23].
Stable region II was more frequently found because the SSP was very sensi­
tive to the position of the AWOA and the source laser drive current The sensitiv­
ity of the system can be justified by looking at figure 6.20  where the appearance 
of SSPs depends upon the amount of detuning. Detuning is a function of the 
refractive index and the refractive index depends upon the carrier concentration and 
temperature. The initial detuning can be achieved at a particular wavelength by 
changing the resonance of the FP cavity (by changing the temperature). During the 
experimental work, the temperatures of both the source laser and the AWOA were 
kept constant, once the SSP was achieved. Therefore, detuning depends on the 
position of AWOA and the external input
In this chapter, SSP has been demonstrated quite clearly and this represents 
region HI. In section 6.5.6.2, SSP was found to be a function of the external input 
power. Because at a constant local pumping rate, any increase in the external input 
would increase the refractive index of the medium due to the reduction in the 
carrier density in the active layer, this would in fact, increase the detuning of the 
system. Therefore, the system would enter into region III. A similar phenomenon 
was observed during the experimental work and was used to investigate the period 
doubling route to chaos.
According to figure 6.20, if the local pumping rate is high, then the system 
can jump to region ID from region II quickly because with the increase in the 
pumping rate of the AWOA, the stable lock-in region become narrower. This was 
not always the case in the experiments due to the dependence of detuning on tem­
perature. As mentioned before, a multimode laser was used as the source laser 
whose peak emission wavelength was a function of the carrier concentration. So it 
was not possible to maintain the same detuning could not have been maintained.
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Therefore, whenever resonance matching occurs between the external input and 
feedback signal and the cavity resonance, SSP was observed.
In this chapter, frustrated instabilities are demonstrated in the form of SSP. 
The appearance of SSP very much depends upon the initial conditions (as dis­
cussed above) of the system being investigated. This is a basic characteristic of 
chaotic systems and this characteristic has been used for an experimental technique 
for confidently identifying the chaotic behaviour of a system [18]. This once more 
gives the evidence that frustrated instabilities give rise to predictable behaviour i.e. 
chaos.
6.7. Summary
In this chapter, the chaotic dynamics of the active waveguide optical amplifier 
have been demonstrated. The reasons behind SSP and chaos in a laser system has 
been outlined using a set of rate equations. The necessary theoretical background 
in relation to frustrated instabilities has been established and modified rate equa­
tions were considered using a coupled-cavity scheme.
The existence of the non-linearity in the AWOA I-L characteristics due to the 
injection of external optical input has been observed, and the injection of the 
external input or the presence of another facet was found to reduce the threshold 
of the FP AWOA. Using non-linearities induced by the external injection of sig­
nals and multiple feedback between the source laser and the AWOA, the train of 
SSP, which eventually leads to chaos, was obtained in all devices. The SSP was 
found to be very sensitive to externally injected signals and the position of the 
source laser and the AWOA, as a slight tilt in the position of either device could 
be made to alter the multiple feedback effects on the AWOA characteristics. The 
appearance of SSP could be due to the two reasons;
1. noise (such as mode partition noise).
2 . frustrated instabilities.
The successive generation of subharmonics (figure 6.17) at frequencies f jm
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suggest that the observed effects are real oscillations and not due to noise. Further­
more, the periodicity of the pulsations do strengthen this argument and other evi­
dence, such as the slow decay time of the pulse and the appearance of pulsations 
at the maximum value of feedback, further suggest that the train of SSP is due to 
the interaction between two stable solutions in the amplifying cavity which results
in the frustration of the one or the other.
The two types of pulsation were obtained and found to be 180° out of phase 
to each other. The observation of the two types of pulsation and the difference in 
the forward and backward travelling fluxes, suggest the existence of four fre­
quencies i.e. the intrinsic frequency of the active medium, 0)o, frequency compo­
nents related to external injected signals from the source laser, cOj and two 
frequency components related to feedback signals (between r2 and r3 (g^) and 
between r2 and r4 (©3)) rather than three frequencies predicted in reference-17.
Both the subharmonic and period doubling routes to chaos in the active wave­
guide optical amplifier in couple cavity scheme have been demonstrated for the 
first time and the presence of optical turbulence has been predicted because of 
these coexistence of two routes to chaos. A comparison between the experimental 
results and the available theory has been carried out The results obtained in this 
chapter are found to be in good agreement with theoretical predictions.
The results which are presented in this chapter are of a preliminary nature. 
They are needed to be analysed in more depth and more intensive theoretical work 
is needed to confirm these results. However, these results suggest the beginning of
a breakthrough in establishing the real understanding of chaotic dynamics in the
semiconductor laser systems in order to get rid of undesirable phenomenon of 
chaos in semiconductor laser systems.
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Chapter-7
General discussion, conclusions and recommendation
7.1. Introduction
The main objective of the research presented in this thesis was to investigate 
the behaviour of monolithic integrated components to incoming butt-coupled input 
radiation. In this respect, two optical components, the active waveguide optical 
detector and the active waveguide optical amplifier have been investigated. In this 
chapter, the main conclusions of the work reported in this thesis are drawn in sec­
tion 7.2. During the research, many assumptions were made and several paths have 
not been pursued due to the limitations of time and technological support 
Consequently, this chapter includes suggestions for further work in section 7.3.
7.2. General discussion and Conclusions
From the outset of this research, the problem of excessive heat generation in 
the ‘in-house’ fabricated laser devices was encountered. This meant that none of 
the lasers could be used in CW mode. A detailed study of a number of heat gener­
ation sources in the laser diode revealed a significant difference between the heat­
sink temperature and the active layer temperature. It was shown in chapter 3 that 
the devices under investigation needed to be operated at a heatsink temperature of 
around -30°C for CW operation. Using the Peltier cooling pump and existing tem­
perature controlling arrangement, it was very difficult to achieve this range of tem­
perature under CW conditions. Therefore, the devices under investigation, had to 
be operated in pulse mode to avoid thermal runaway. In future, if the same 
material is used for the fabrication of the devices of a similar type to the ones 
investigated in this thesis, junction down (p side down) mounting can help in
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reducing the active layer temperature and the device could be run in CW mode at 
higher temperature (higher than -30°C) which would simplify the measurements.
The heat capacity of laser devices was evaluated by measuring the character­
istic temperature, T0 in chapter 3. This parameter was used later to investigate the 
extent of thermal effects in laser devices by measuring the thermal rise time of the 
devices under investigation. From the results of the thermal rise time, it is found 
that temperature effects are more prominent in Fabry-Perot devices and the tem­
perature sensitivity is reduced in A.R. coated devices. As a consequence of reduc­
tion in this temperature sensitivity, a shift in peak emission wavelength (toward 
shorter wavelength) is observed in A.R. coated devices. This shift is attributed to 
(i) reduction in mirror facet heating effects and (ii) an increase in quasi-Fermi 
level separation due to high current densities. Mirror facet heating effects can be 
reduced by using segment-contact-scheme [1] in which the carrier density can be 
controlled by controlling the injection current through each segment The 
segment-contact-scheme seems practical since the research in this thesis is concen­
trated on light propagation in locally pumped active waveguide.
In chapter 3, it was found that free carrier absorption was one of the main 
heat sources located in the active layer and its close vicinity. In chapter 2 and 
chapter 3, high absorption losses were measured, which are mainly due to the free 
carrier absorption. Hill’s [2] absorption data has shown that afc in GaAs increases 
with temperature or in other words, a higher value of afc leads to a higher active 
layer temperature. Therefore, the higher value of afc is expected to be one of the 
main reason behind the higher value of a  in UB262 rather than optical mode 
spreading. Free carrier absorption can be altered by controlling the carrier concen­
tration via doping. A lower value of doping gives lower absorption loss and in 
GaAs it becomes virtually insignificant at carrier concentrations of 10l7/cm3 or less 
[3]. Decreasing the doping level in the active layer is of some benefit, but the situ­
ation in the case of lasing sources is more complicated, since it is the total concen­
tration of carrier at the lasing threshold which must be considered and a higher
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injected carrier density in this case is advantageous.
The saturation intensity, which defines the maximum achievable optical out­
put power of an optical amplifier, also depends on the material gain coefficient. At 
higher doping levels and for high value of gm, the saturation intensity is found to 
reduce, as shown in figure 7.1. The higher values, of saturation intensity at low 
values of gm is due to low values of the parameter A in equation (5.4). The higher 
values of saturation intensity at the higher values of gm is due to the short sponta­
neous lifetime as a result of increase in the carrier density. At fixed doping levels, 
the saturation intensity has a minimum at a certain value of gm. While designing 
the optical amplifier, this low saturation intensity limit must be avoided by select­
ing the optimum amplifier structural and material parameters.
Also a higher level of doping increases the responsivity of the AWOD 
because the absorption coefficient increases with doping density. However, for high 
frequency applications, the intrinsic layer (the active layer) in the AWOD must be 
depleted fully and it is only possible when the width of the intrinsic layer lies 
within the depletion region. The thickness of the depletion region decreases with 
the increase in doping level (equation (4.13)). The width of the depletion region 
can also be increased by reverse biasing the AWOD. But in future monolithic OIC, 
zero bias operation would be preferred over negative bias operation since zero bias 
operation of the AWOD expected to offer less circuit complexity. In chapter 4 it is 
seen that high frequency response in our case is limited by electrical circuit capaci­
tance and extra capacitance added by connecting wires.
The radiation detection property of the AWOD was investigated in chapter 4 
and this technique was used often to accurately align different active optical com­
ponents during measurements. The usage of the radiation detection property of a 
AWOD to align two active components has provided the breakthrough in 
investigating the source of leakage in butt-coupled devices.
Optical flux leakage introduces an extra source of optical power loss and 
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Figure 7.1. Saturation intensity vs the material gain coefficient as a function of doping 
level. Solid curves p-doped and dashed curves /i-doped materials [4].
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optical input signals. The detailed study of optical flux leakage in active wave­
guide components revealed that the particular monolithic integrated components 
tested suffered more than the hybrid integrated components as a result of the 
divergence of the optical beam in etched gap between the two butt-coupled compo­
nents. This source of leakage of optical flux can only be controlled by controlling 
the beam divergence process in the etched gap, which was beyond the available 
fabrication technology. In monolithically integrated components, the amount of the 
leakage flux depends on etched gap dimensions. It can be reduced by reducing the 
width of etched gap.
It was also seen in chapter 4 that the coupling of optical radiation to the 
AWOD is increased as a result of feedback (back reflection) between the source 
laser and the AWOD butt-coupled facets. The A.R. coated devices were not only 
used for increasing the internal gain (chapter 5) but they were also used to investi­
gate the effect of backreflection on AWOA characteristics. The effect of backre- 
flection was observed in the AWOA in form of frustrated instabilities (which 
appears as a self-sustained train of pulsation) and this eventually leads to chaos in 
the optical amplifiers.
In chapter-6 , the effect of detuning as a result of back reflection and the 
injection of optical input power was investigated, but the effect of detuning on the 
source laser characteristics was not examined. The source laser is also expected to 
be effected, since the AWOA and the source laser are butt-coupled and the AWOA 
is also electrically pumped. The effect of detuning on the source laser characteris­
tics is one area that needs further investigation. However, in future OIC, DFB or 
DBR lasers are expected to be used rather than the simple FP lasers. Therefore, 
the effect of detuning on the source laser output will be minimised. But the fabri­
cation of DFB or DBR laser with other active components is beyond the limits of 
existing technology at Bath.
In chapter-5, the use of the optical amplifier as an integral part of an OIC 
was considered. Unfortunately, monolithically integrated device, UB136 did not
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give satisfactory results because of poor facets in the etched gap. Therefore, the 
butt-coupled hybrid integrated configuration was used as a substitute for the mono­
lithic case. The use of the external source and AWOA in hybrid approach offers 
the extra flexibility of using different device combinations (i.e. by changing the 
facet reflectivity of the AWOA being investigated).
The main purpose of using A.R. coating is to suppress the lasing threshold by 
suppressing the internal feedback in a laser diode so it can be used as the travell­
ing wave amplifier. This allows it to be used at higher values of pumping current 
without lasing. However, the increase in the pumping current shifts the peak 
emission wavelength towards shorter wavelength due to the shift in the gain curve. 
Shifts in the peak emission wavelength was also observed with the change in heat­
sink temperature (chapter-3) and this property was used later in chapter 5 for 
wavelength tuning of the input radiation to the AWOA resonance wavelength. In 
chapter-4, it was found that the wavelength dependent response of the AWOD 
does not change much with the change of the AWOD temperature within the range 
of wavelengths used in this research. If the temperature of the AWOA is varied 
during wavelength tuning, the coupling of optical radiation from the source laser to 
the AWOA can be maintained at optimum value by monitoring the output of the 
AWOD (as the response of the AWOD does not change significantly with tem­
perature change).
The signal gain of the AWOA in its hybrid configuration was measured by 
using the saturated output characteristics of the amplifier. The phenomena of gain 
saturation in the AWOA limits the optical signal gain. The nonlinear phenomena 
of gain saturation in the AWOA was investigated by measuring non-linear 
input/output characteristics of the AWOA by using different devices. Non-linearity 
was found to be strong in UB262 (FP AWOA) and UB258A (single side coated 
AWOA). The reason behind strong non-linearity between input and output in FP 
AWOA is probably due to higher temperature sensitivity of that device. However, 
non-linearity observed in UB258A is thought to be the result of multiple reflection
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between the source and the AWOA as result of low input facet reflectivity. In all 
cases, at low input powers, a dip in the characteristics was observed which was 
probably due to noise associated with the photoconductive mode of measurement 
(since the output of the GaAs AWOD was measured in photoconductive mode to 
have a higher speed of response). As the optical input power increases, the behav­
iour of the AWOA becomes linear because the source laser frequency tuned with 
the AWOA resonance frequency. At high input powers, the saturation of the 
AWOA leads to non-linear operation with compressed output Hence leading to 
distortion of optical input signals.
One of the main problems with the locally pumped active waveguides is the 
ASE (locally generated and associated with input signals). This source of noise 
limits the gain of the AWOA and it is undesirable in the AWOA. A simple 
measurement showed that the single side coated device with R2=03 and 7?2=0.0448 
was worst effected by ASE noise and the device with ^=0.0448 and R2=0.3 was 
less effected. This is due to the significant difference in input and output facet 
reflectivities, which effects the noise enhancement factor % (which strongly 
depends upon input facet reflectivity). Among symmetrical devices, the FP device 
UB262 has shown higher value of % due to higher value of input facet reflectivity 
when compared with the NTW device UB259.
It was seen in chapter 5, that the signal gain of all devices changes with the 
state of polarization of the input radiation. Although, the polarization sensitivity of 
the AWOA is reduced in A.R. coated devices, it is not eliminated, and this is 
mainly due to differences in the confinement factor between TE and TM modes. 
The difference between the confinement factor can be eliminated by several tech­
niques [5-9] (as mentioned in chapter-5), mainly based on an increase in the device 
active layer thickness. It would appear from the results that the polarization 
sensitivity of locally pumped active waveguide will be the one of the main prob­
lems for the adoption of monolithic OICs in the future.
To summarise, despite the several problems faced during the research, the
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results presented in this thesis demonstrate the feasibility of using the active wave­
guide in future optical integrated circuits as an attractive solution to routing 
optical signal, even though it has certain limitation (such as generation of ASE, 
achievement of vertical etched gap geometry and the effect of backreflection on 
output characteristics). Although the work presented in this thesis is preliminary, it 
suggests the beginning of an significant breakthrough in establishing a clear under­
standing of the propagation characteristics of active waveguides.
7.3. Recommendation for future work
The technology of OICs is still immature (even after two decades of exten­
sive research) and the monolithic integration of several components on a single 
substrate is still a technological challenge. This technological challenge has been 
accepted in this thesis.
During the research presented in this thesis, a multilongitudinal mode source 
is used. For this reason, the internal gain of the AWOA had been measured using 
saturated output power characteristics approach. Although the results presented here 
do satisfy the reported results, this new gain measurement technique needs to be 
further validated in detail. This can be accomplished by using a single wavelength 
source instead of multiwavelength source and by measuring the internal gain of a 
particular device from experimentally measured peak-trough ratio and output satu­
rated characteristics and then comparing achieved results.
In chapter-5, the underlying non-linearity as a result of the gain saturation 
phenomena is shown in the input/output characteristics. However, the saturation-in­
duced nonlinear response of the AWOA was affected by the residual facet reflec­
tivity of the AWOA. The effect of multilongitudinal wavelength input dictate that 
in order to have a real understanding of nonlinear phenomena in the AWOA, a 
single wavelength source and extremely low facet reflectivity AWOA are required. 
The use of a single wavelength source and the use of the AWOA with extremely 
low facet reflectivity will serve the dual purposes (i.e. it can be used to perform
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bistable operation and it can reduce the difference between the TE and TM con­
finement factor).
In chapter-6 , frustrated instabilities were demonstrated experimentally in the 
hybrid integrated AWOA. It would be interesting to carry out a detail theoretical 
investigation on frustrated instabilities in monolithic devices, to establish the range 
of optical input powers over which these effects occur.
Also in chapter 6 , the frequency response of the active waveguide was 
measured to be much slower than the predicted value in reference-10. The reason 
behind this slower response is the slow response of the optical detector used dur­
ing measurements. Since extremely high response of the AWOD is predicted (as 
high as 150GHz [11]), it will be worthwhile to use a properly designed AWOD as 
the optical detector at output of the AWOA. In this way, a cheap and fast optical 
detector can be fabricated according to individual needs.
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